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SUMMARY
The Rheological Properties of* Suspensions of 
Spherical Particles in Non-Newtonian Liquids.
This investigation concerns the measurement of the
rheological properties of suspensions of solid spherical
particles in several non-Newtonian pseudo-plastic liquids.
Measurements have been made at various solids
concentrations from 0 to 10% by volume, and at shear rates 
- 1up to 200 sec
In the course of this work new results have been 
obtained which show that end corrections of up to 25% 
are necessary in co-axial cylinder viscometry, when using 
pseudo-plastic liquids. In addition, observations in the 
co-axial cylinder system have revealed a complex migration 
process in which the suspended solids migrate axially 
along the length of the annular gap. This motion is 
thought to be related to the normal stresses developed in 
the suspending medium during shearing.
It has been shown that, with suitable precautions, 
measurements of the rheological properties of 
pseudo-plastic normal stress producing liquids are 
practicable, and three groups of data are reported:
(1) The tangential shear stresses (S) developed by the 
suspensions have been determined as functions of the shear 
rate (D) and the volumetric solids concentration (Cv) 
using a co-axial cylinder viscometer. It has been found 
empirically that the ratio (%0\  is a function of Cv only 
for all the pseudo-plastic solutions tested; while ("f-)
is a function of Cv and the shear rate.
(2) The variation of the normal stress difference (p - p )il iZ
has been investigated as a function of solids concentration 
and shear rate, using a cone-plate Rheogoniometer.
(3) The dependence of the "transverse viscosity" of the 
test solutions upon the primary shear rate has been 
investigated using a co-axial cylinder system with a 
transparent outer cylinder.
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CHAPTER 1
INTRODUCTION
(1.1) The research reported in this thesis concerns 
measurements of the rheological properties of dilute 
suspensions of spherical solid particles (diameter 
approximately 100 microns) in a number of non-Newtonian, 
pseudo-plastic liquids. This is an important problem 
technologically since suspensions of solid materials in 
rheologically complex liquids are comraon-place in the 
food processing, pharmaceutical and petro-chemical 
industries.
(1.2) The Rheology of Suspensions:
In the past research effort has been almost 
exclusively confined to the manner in which the tangential 
components of the shear stress vary.with changes in the 
concentration of the suspended solids. Variation of the 
viscous properties with rate of shear has been considered 
but is only of real significance in non-Newtonian systems 
and has not been extensively studied.
The flow properties of suspensions depend critically 
upon the degree of interaction between the suspended solid 
particles (l) and thus suspension rheology is naturally 
divided into two sections.
(1,2.1) The first is that in which the solids concentration 
is low (i.e volume concentrations less than 15%) and the 
particle size is reasonably large with diameters of 50 micron 
or greater. Under these circumstances particle/particle 
interactions are of limited importance and theoretical 
studies have attempted to deal explicitly with the 
hydrodynamics of the flow round individual particles (2 ).
Where the suspending fluid is itself non-Newtonian theoretical 
studies have been restricted to single particle systems in 
which the particle moves slowly through the fluid (3 )? and 
no work appears to have been published dealing with the 
presence of multiple solid spherical particles in a sheared
non-Newtonian fluid. Radoc and Tia (4) have considered 
the presence of rigid circular inclusions in a two 
dimensional visco-elastic continuum subjected to small 
strains but this is not directly relevant.
(1.2.2) Alternatively interest has been directed to 
systems in which the concentration of solid particles is 
high (with volume concentrations of 50% or more) and in 
which the particles are small and often irregular in 
shape. In such systems a wide range of colloidal effects 
may occur which depend upon the ability of the particles 
to form a structure under the influence of charged surface 
layers and other particle/particle forces (5)• Here the 
suspensions often exhibit non-Newtonian flow properties, 
but this is due to the presence of a particle structure 
and not to any intrinsic property of the suspending medium 
Theories to account for this type of behaviour have been 
suggested by Mooney (6) Brinkman (7) and others.
(1.2.3) In the research reported here studies have been 
carried out using dilute suspensions of spherical particle 
in pseudo-plastic fluids, the chosen particles being
100 microns in diameter used at volume concentrations of 
10%> or less to avoid colloidal effects. It was hoped that 
these test conditions would permit a correlation to be 
made between the properties of the suspensions and the 
flow properties of the suspending media, comparable with 
that available for dilute suspensions in Newtonian liquids
(1.3) Previous Related Work using Suspensions in 
Newtonian Media:
Einstein (8) predicted theoretically that for a 
dilute suspension of spherical non-interacting particles 
the relative viscosity would be given by:
l - i  ■ O '  M C -)
phis relationship has been applied to many solutions and 
suspensions (9) with varying success, while numerous
9attempts have been made to extend the validity of this 
type of relation to higher solids concentrations or to 
account for the presence of non-spherical particles. A 
complete review of these formulae is given by Rutgers (10).
A large number of measurements have been reported 
in which the dependence of the relative viscosity (>|y.) 
of suspensions has been measured as a function of the 
solids concentration (Cv) , and a complete if uncritical 
review of published data is presented by Rutgers (11).
The subject is notable for the disparity between 
measurements which, on the basis of the often inadequate 
published information, should yield similar results. Such 
important factors as the viscosity of the suspending fluid, 
the shear rate, average particle size and size 
distribution are frequently omitted, while numerous types 
of viscometer have been used apparently without adequate 
analysis of their suitability. Ford (12) considers some 
of the possible errors, including wall effects in Coutte 
flow and capillary tube instruments, while Frisch and 
Simha (l) also consider the relative merits of the 
measurements which are included in their survey of past 
experimental work.
Some selection of the experimental data has been 
necessary, and to provide information with which to compare 
the accuracy of the present experimental techniques a 
selection has been made on the basis of the size of the 
suspended particles using the preferred size range 50 to 
200 microns diameter.
These experimental results are shown in graph 1.1 
where values of (>^- l) have been plotted against solids 
concentration (Cv) . As a comparison the result suggested 
by Einstein is also plotted (as curve l) although the 
relation is known to be restricted in its application to 
low solids coneentrations. Eveson (13) has carried out
_ ^
careful measurements at low shear rates (less than 1 sec ) 
in a co-axial cylinder apparatus. Suspensions of 
methacrylate spheres 30 .^, ^5yx, and kOOjx in diameter were 
prepared in a glycerol-water-lead nitrate mixture so that 
the density of the solids was matched to that of the fluid.
GRAPH 1 .1 The variation of Viscous Properties ( -  1 )
with Volume Concentration of suspended Solids.
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The results obtained for the relative viscosity of 
suspensions at increasing solids concentration are shown 
as curve 2 in graph 1.1. Higginbothora (l4) also used a 
density controlled glycerol-water mixture and spheres of 
three diameters (53/u.to 7^ /x , 7^ «-to 89/x and 152/uto 177/<.) 
with which he obtained the results shown as curve 3 of 
graph 1.1. The apparatus employed was a capillary 
instrument of unknown tube diameter, so that the results 
of wall effects and crowding are difficult to estimate.
The values of relative viscosity obtained were independent 
of the particle size when volume concentrations less than 
2 0% were used, above this value a small dependence upon 
particle size was detected. The results are lower than 
most, possibly due to the relative dimensions of the 
particles and the capillary.
Ward and Whitmore (15) whose results are shown as 
curve k paid careful regard to the preparation and 
stability of their test suspensions (which consisted of 
methacrylate particles 152 to 177 microns in diameter in 
a glycerol-water-lead nitrate mixture) but these workers 
employed a rising ball viscometer which produces a complex 
flow situation that is difficult to define accurately.
The authors concluded that the relative viscosity was 
independent of the absolute particle size but was a 
function of the particle size distribution. The relative 
viscosity was found to decrease as the size range increased, 
a result which is in agreement with the theoretical work 
of Roscoe (l6 ). The authors reported that an electric 
field was developed by stirring suspensions in non-polar 
fluids which significantly affected their results and 
this together with the complex nature‘of the flow conditions 
used may have contributed to the relatively high values of 
which are shown in graph 1.1. Eirich (17) obtained low . 
results for the viscosity of suspensions of glass particles 
160 microns in diameter which were suspended in a mixture 
of mercuric nitrate .and nitric acid. His results are 
shown as curve 5 , however the capillary viscometer used 
was uncorrected for wall or entrance effects which may 
have resulted in the low values of relative viscosity
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which are shown in graph 1.1. Vand (l8 ) used 130 micron 
glass particles in a density controlled glycerol solution 
and employed both co-axial cylinder and capillary viscometry. 
In the latter instrument provision was made to stir the 
suspension immediately before entry into the flow tube, but 
the results were identical with and without stirring at 
solids concentrations of less than 3 5% although beyond 
particles concentrations of 3 5 % considerable differences 
did become apparent.
Experimental details of general interest appear in 
the careful studies of disperesed systems due to Manley and 
Mason (19) and Saunders (20). However the particles used 
were less than 1 micron in diameter and .thus the results 
are not of direct interest. Similarly the work of Toms 
and Strawbridge (21) has also proved useful in connection 
with the co-axial cylinder viscometry of polymer solutions.
(1.4) Suspensions in Non-Newtonian Fluids:
The flow properties of dilute suspensions in 
non-Newtonian liquids have received only scant attention 
compared with suspensions which exhibit non-Newtonian 
properties because of particle/particle interactions.
Blood flow has been referred to as a non-Newtonian 
system (2 2 ) and although the flow properties of the complex 
suspending medium (plasma) are somewhat non-linear the 
most conspicious properties result from the interactions 
of the suspended blood cells, which are present at 
concentrations of 5 0% to 8 0% in the tests reported in the 
literature. The situation is also confused by the clotting 
process in blood which may be suppressed during experiments 
by various additives which have an unknown affect upon the 
flow properties of the blood when tested in vitro. Other 
complications result from the non-spherical shape of the 
blood cells, and from the fact that they are deformable (2 3 ). 
Thus although the system is of considerable interest and 
may in practice exhibit marked non-Newtonian properties it 
is not directly related to the present experimental work.
Haddad-Louis (24) has studied the flow properties 
of suspensions of solid spheres (glass. 24 to 52 microns
13
diameter) in aqueous solutions of sodiura-carboxy-methyl-
celiulose (SCMC) and Polyox. His results appear to show
that the steady rate viscosity was a function of both
the shear rate and the solids concentration. However,
he concluded that the steady rate viscosity evaluated at
-1the arbitrary shear rate of 1 sec satisfied the Einstein 
equation as derived for dilute Newtonian suspensions. The 
polymer solutions used as suspending media contained only 
low concentrations of the polymers and the flow curves 
found in the absence of particles were only slightly 
pseudo-plastic (having a logarithmic flow index of 0 .9 )•
In addition the experimental data is uncertain because in 
co-axial cylinder measurements using an Epprecht R15 
viscometer, end corrections were neglected while rapid 
settlement of the glass spheres would be expected in such 
dilute solutions.
Shangraw, Grim and Mattocks (25) report conclusions 
based upon results using suspensions in aqueous solutions 
of Poly-acrylamide and SCMC, the results being taken from 
their doctorate thesis' (otherwise unpublished). They 
conclude that the Einstein relationship may be applied at 
low solids concentrations and at very low shear rates, 
although what accuracy may be expected of the extrapolation 
to low shear rates is not clear.
These results seem to indicate that with a suitable 
if arbitrary choice of viscosity Einstein's formula may 
be applied to suspensions in non-Newtonian media. A 
similar suggestion has been made in the case of pigments 
added to rubbers and other high polymer systems (2 6 ).
However it seems that there has been very little 
systematic investigation of the effect of dilute suspensions 
of solid particles in fluids showing pronounced non-linear 
flow characteristics.
(1.5) The Objects and Scope of the Present Investigation:
When a fluid is subjected to a deformation the 
resulting stress distribution may be represented by a 
second order tensor (9 ) :
where p- is the force in the  ^ direction acting over a 
unit of area which is normal to the i direction, and 
every component may be a function of the rate of 
deformation (shear rate). It is< conventional to take the 
sign of these forces so as to make a tensile stress 
positive, and a stress which has a compressive effect 
negative.
In the case of an incompressible .isotropic 
material experiencing a simple shear the general stress 
tensor may be simplified. A condition that simple shear 
exists is that the element should be free from angular 
acceleration, and this implies that pj& = . Certain
symmetry requirements (2 7 ) must also be satisfied and 
these indicate that:
and p = p = o
Thus the stress tensor reduces to the form:
/ P P o
/ *11 * »e
* / p p o
\ o o . p.
The diagonal components (p„ ) may include an 
isotropic component of stress, an overall hydrostatic 
pressure, and thus it is usual to consider the quantities 
(p„ “ ^ ~  P33 ^ and p^ as defining the state of stress
in a body. Figure 1.1 shows the directions of the normal 
stress components which will be used here related to a 
cone plate and a co-axial cylinder geometry.
In the past rheological investigations of suspensions 
have been confined to the variation of p as a function of13.
solids concentration and shear rate, with in general, the 
restriction that the fluid be Newtonian (i.e. that
fc>
- constant). It is clear that a more complete 
characterisation should include both the variation of p 
with solids concentration and shear rate and the dependence
- 15 -
Normal Stresses shown against a Cone Plate Configuration.
Normal Stresses shown against a Co-axial Cylinder System.
FIGURE 1.1 The Directions of the Normal Stress 
Components refered to in this Work.
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of the two normal stress differences upon particle 
concentration and shear rate.
(1.6) Measurement Techniques for the Rheological Variables: •
(1.6.1) The shear stress p may be measured in a number 
of ways (28). It is possible to investigate the tangential 
flow properties of fluids by measuring the, resistance to 
motion experienced by a test sphere moving through the 
fluid. This however produces a complex flow situation 
which renders an absolute determination of the flow 
characteristics of the material impractical if the material 
is non-Newtonian. Capillary instruments which produce 
accurately controlled flow rates may be used to produce 
flow curves for homogeneous non-Newtonian materials, but 
wall effects, entrance effects, and the formation of a 
region of reduced solids concentration near to the walls 
limits the use of such devices when testing suspensions.
It is thus usual practice to employ some form of rotational
instrument and both co-axial cylinder and cone plate
*
configurations have been suggested.
The author (29) has shown that the cone and plate 
geometry is unsuitable for measurements upon suspensions 
in normal stress producing fluids because of a rapid 
radial migration of the suspended particles. Difficulties 
also arise when using suspensions because of the 
non-uniform gap width which tends to trap particles between 
the cone and plate.
A co-axial cylinder geometry uses a measuring gap 
of constant width but end effects are considerable and 
end corrections have to be applied when using pseudo-plastic 
materials (see chapter 5 )« In addition the shear rate is 
variable in any system which may be realised in practice 
because of the finite width of the annular gap. A form 
of particle migration has also been observed in a 
co-axial cylinder instrument and this is reported in 
chapter 6; but because the effect is relatively slow it 
is possible to obtain meaningful re suitS for the viscous 
properties of suspensions with a co-axial cylinder device, 
and this geometry has been used in this research. The
17
optimum dimensions for the measuring system are discussed 
later in chapter 3 *
(1.6 .2 ) In practice the most important of the normal stress 
differences is (p( - p^) and this may be determined in a 
co-axial cylinder device by measuring|^jon the walls of 
the annulus. There is however no commercial equipment of 
this type available while the work of Broadbent (30) has 
indicated that the measurement of pressure differences 
using pressure tappings is likely to be inaccurate because 
of a "hole" effect. The cone and plate system however 
allows the value of (p - p ) to be derived from a 
measurement of the total thrust normal to the plate and
is thus free from hole effects. The calculation contains 
certain assumptions (2 7 ) concerning the pressure conditions 
at the edge of the cone and thus is also unsatisfactory. 
However a commercial cone plate instrument exists capable 
of making the necessary normal stress measurements and this 
device has been employed in the work reported in chapter 8 .
(1.6 .3 ) No commercial apparatus exists for the determination
of (p - p ) and it is normally investigated by the
combined use of two or more measuring systems; cone plate,
parallel plate or co-axial cylinder devices being employed.
The task is complex and past evidence (2 7 ) is that the
normal stress difference (p - pJ3) is small compared with
(t> - p ) and thus no measurements of this quantity have-« zz J
been attempted here.
(1.6.4) Transverse Viscosity: The viscous resistance 
experienced by a solid sperical particle moving through a 
non-Newtonian fluid which is already being sheared, is a 
function of the primary flow conditions and the direction 
of motion of the particle in relation to the primary flow. 
This was shown by the author (31) for the pseudo-plastic 
liquid Poly-iso-butylene (PIB) in Tetralin. The problem 
is relevant to the migration process described later in 
this work (chapter 6 ) and also provides a further means
13
of comparing the rheological properties of the suspending 
media. Consequently fresh measurements have been carried 
out for the test solutions used in this work following the 
method described previously, in an attempt to provide a 
more complete assessment of the interaction of spherical 
particles and non-Newtonian pseudo-plastic fluids.
(1.7) In chapter 2 the materials used in this work are
described and the criteria used to select them are
discussed. The co-axial cylinder measuring device built 
for these tests is described in chapter 3 with details of
its calibration in chapter 4.
Problems associated with the use .of a co-axial 
cylinder geometry are dealt with in chapters 5 and 6 where 
in chapter 5 measurements of end effects for pseudo-plastic 
liquids are presented, while in chapter 6 new observations 
are reported of particle migration observed in normal force 
producing materials during shearing in the co-axial cylinder 
apparatus. -
The principal results of this research are 
presented in chapter 7 where in section 4 measurements of 
the tangential flow properties of suspensions in 
non-Newtonian pseudo-plastic materials are reported, while 
in section 5 the results are analysed and discussed.
Chapter 8 reports new data for the dependence of the 
normal stress difference (p{< - p ) upon shear rate and 
solids concentration, while the results of transverse 
viscosity measurements are set out in chapter 9• The 
results of this research are discussed in chapter 10 where 
suggestions are presented to attempt to explain the 
principal features of the results.
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CHAPTER II
SELECTION AND PROPERTIES OF THE TEST MATERIALS
(2.1) The test liquids used in this work were selected 
so as to exhibit well defined rheological properties free 
from complications due to chemical or physical breakdown 
during storage or use. In addition solid materials were 
required which would be compatible with the chosen liquids. 
Preliminary tests of the liquids were carried out using a 
Ferranti Shirley cone and plate viscometer. Although very 
convenient this apparatus was not s 11 itable for use with 
all the suspensions tested, and thus a co-axial cylinder 
system was employed. In this chapter the criteria used
in the selection of the test materials are reviewed, and 
the rheological properties of the chosen liquids are 
described.
(2.2) Necessary Properties for the Liquids:
Although the properties of the fluids varied 
considerably the following general criteria were applied 
in selecting test materials. The order in which these 
requirements are presented is not necessarily indicative 
of their relative importance.
(2.2.1) Long Term Stability: To eliminate errors due to 
variations in the properties of individual samples, it 
was desirable that a. complete set of experimental results 
be obtained using samples taken from the same bulk mix.
Thus it was important that the materials should not break 
down physically, chemically or due to microbiological 
attack while in storage for loeriods of up to three weeks. 
The long term stability was assessed by measuring the 
viscosity of the samples regularly at intervals of two 
or three days for four weeks. The temperature used during 
these tests was 25°C, and was the same temperature as 
that used later in the measurements of the flow properties 
of the suspensions.
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(2.2.2) Short Term Stability: The materials should be 
stable for periods of at least one hour under the more 
difficult conditions of mechanical shearing in the open, 
to which they were subjected during measurements. Short 
term stability was judged by testing the materials at a 
high rate of rotation and at an elevated temperature of 
35°C.
(2.2.3) The rheological properties of the materials 
should be clearly defined free from hysteresis effects 
and thinning due to continued shearing.
(2.2.4) The solvents used should, where possible, possess 
a 1ow vapour pressure to reduce evaporation. They should 
also be non-toxic.
(2.3) Properties Necessary for the 
(2.3»l) The solid must be noa-reac 
liquids since even a slight surfac 
characteristics of the suspenion c 
assessed by daily testing the vise 
fraction) suspension for ten days.
(2.3.2) The material should be available or readily 
convertible to, spherical particles of the desired size 
range. The particle size chosen was a diameter of 100 
microns (0.10 mm). This was considered to be sufficiently 
large to avoid colloidal effects due to surface layers and 
surface charges. while being small compared with the 
dimensions of the apparatus.
(2.3.3) The density of the solid phase should be similar 
to that of the liquids. This is desirable, to avoid 
settling, because of the difficulty of controlling the 
density of non-aqueous systems.
Solid Phase: 
tive with the chosen 
e effect may change the 
onsiderably. This was 
osity of a 10% (volume
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(2.4) Materials:
The materials chosen as a result of tests on 
numerous possible systems are most conveniently 
categorised in term^ of their rheological properties.
In all cases the liquids were found to be compatible 
with solid particles of glass or acrylic moulding powder 
(I.C.I. Kallodoc).
(2.4*1) The Newtonian Liquid: The Newtonian material 
chosen was Rheoplex 64l an industrial plasticiser 
manufactured by the Geigy Chemical Company. The flow 
curve for. this material (shown in graph 2.1) was found 
to be unique, without hysteresis effects and linear within 
the experimental accuracy of the apparatus up to a shear 
rate of 200 sec
The viscosity of the material was 38.2 poise at 
25°C so that the flow curve covered a range of shear 
stresses and shear rates comparable with those for the 
non-Newtonian fluids. The viscosity of the material was 
measured over periods of up to four weeks and found to 
remain constant for that time. There appeared to be no 
short term changes when exposed to the atmosphere at 
35°C. The material was compatible with acrylic spheres 
(Kallodoc) and glass although the settlage rate with glass 
spheres was quite high and in general Kallodoc particles 
were used.
In order to confirm the constants of calibration 
of the co-axial cylinder apparatus a mineral oil was 
used which had a viscosity of 16.5 poise. This material 
was employed because the viscosity could be measured 
using an N.P.L. calibrated Ostwald viscometer.
(2.4.2)Pseudo-Plastic Materials Developing Large Normal 
Stresses: A solution of Poly-iso-Butylene (PIB) in 
Tetra-hydro-Napthalene (Tetralin) was employed. The PIB 
used was Vistanex L120 of average molecular weight 10^ 
supplied by the Esso Chemical Company. This was dissolved 
in redistilled Tetralin to produce a 10% solution of PIB 
by weight.
23
ifkllltlfctl#
GRAPH 2.2 Normal Stress as a Function of Shear Rate
2k
The long term stability judged by measurements of viscosity 
was excellent for periods of four weeks if stored in a 
sealed container. The short term stability was acceptable 
for periods of several hours for a bulk sample!
Significant evaporation did occur if small samples were 
exposed for several hours so that care was necessary when 
using the co-axial cylinder apparatus, but in general this 
was not a serious objection. The properties of the material 
were well defined and the flow curve (graph 2.1) exhibited 
a marked non-Newtonian form characterised by a gradient
STRESS
n. * ' m t g of shcaH ‘~03 when the flow curve was plotted on
logarithmic axes. The curve was unique and the stea dy 
rate viscosity was constant with time. There was no 
evidence of a yield point.
The normal stresses generated during shearing were 
measured using a Rheogoniometer equiped with a 4° cone.
In this apparatus a measurement is made of the total force 
exerted by the material in a direction normal to the lower 
plate of the cone and plate system. With certain 
assumptions (&7) this' measurement may be interpreted to 
give a value of the normal stress difference (pu - P )> 
and the results are shown in this form in graph (2.2).
The normal stresses were large and increased rapidily with 
rate of shear being,some five times the magnitude of the 
tangential shear stresses at commonly used shear rates.
The material was compatible with Kallodoc spheres 
judged by viscosity measurements on suspensions. However, 
because of the time necessary to load the apparatus and 
allow bubbles to disperse, the first measurement was made 
some four hours after first adding the solids. Hence, 
this test indicates that there was no continuing effect 
upon the Kallodoc due to the PIB solution. However, since 
the shear stress remained constant with time of shearing it 
is reasonable to assume that no structural breakdown was 
occurring in the test materials. Also the suspensions 
were examined optically while contained in a glass cylinder 
to detect flocculation and particle agglomeration. No 
evidence of particle clumps was observed even as the solids 
settled out of suspension.
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A solution of Polyacrylamide (32). in water (PA) was
also found to be a suitable test material. The PA used
was provided by British Cyanimid and was Grade B250
batch 6905A/LH having a molecular weight of approximately 
65 x 10 . This polymer was very soluble in water and was
prepared in three concentrations, one of 3% PA by weight,
and the others of 3% and 2% PA by weight. To prevent
bacteriological attack and consequent change in the
viscous properties a small quantity of Nuodex 87 was added
to the distilled water in which the polymer was dissolved.
The long term stability was good when the material was
protected against bacterial action and stored at room
temperature in a sealed container. The short term
stability at 35°C was also satisfactory. Evaporation of
the water (solvent) did occur in the open butatarate which
was considered unlikely to affect measured results. The
properties of the material were well defined, the flow
curves (graph 2.1) for all three concentrations were
markedly non-linear, having a flow index for the higher
concentration samples of 0.22 and for the low concentration
sample O.3 8 . The tangential flow properties of the
materials were accurately represented by a power law flow
_ ^
curve over a wide range of shear rates (0.3 to 200 ).
There was no evidence of hysteresis or a yield point.
The presence of Nuo d e x .87 did not affect the flow properties 
significantly.
The normal stresses generated in shear are shown in
graph 2.2 and present a similar form to those for PIB,
being some 5 times the tangential stress at the rates of
shear used in the main tests.
The material was compatible with Kallodoc particles 
for which the settlage rate was very low. The glass 
spheres were less satisfactory in this respect but as with 
the other materials they could be used provided that the 
suspension was well stirred just before use. The suspensions 
were made up as described for the case of PIB. An optical 
examination of the suspensions was made using a glass 
cylinder to detect the presence of flocculation. No 
evidence of agglomeration was found in samples which had
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been freshly mixed. However, some evidence of particle 
agglomeration occurred as the particles settled to form 
a layer at the bottom of the container. These groups 
were, however, easily broken up by re-mixing and did not 
reform until settlement was again well developed. The 
shear stress recorded for the suspension at a given rate 
of shear was a constant and this was thought to confirm 
that no structural breakdown had occurred in the 
suspension. Such a structural breakdown would be expected 
if a significant proportion of the particles were in 
groups.
(2.4.3) Pseudo-Plastic Materials Developing Only Small 
Normal Stresses: An aqueous solution of sodium-carboxy- 
methyl-cellulose (SCMC) was used. The material was 
obtained from Imperial Chemical Industries as Cellofas 
B3,500 and was used as a 3•5% solution. This material 
has been employed in previous work when a tendency was 
noted for some solutions to change their properties during 
storage. This is believed to be due to microbiological 
action and an additive Nuodex 87 has been successful in 
maintaining long term stability. However the additive 
altered the Rheological properties of the solution, 
causing a gelling effect which prevented air bubbles 
from leaving the*solution, e.g., it gave the appearance 
of a yield stress, an impression confirmed by the 
logarithmic flow curve for material. Thus, in practice, 
no additive was used, and solutions were manufactured 
and stored as hygienically as possible before and during 
test. The samples themselves lasted well for two weeks 
if sealed and several hours when open to the atmosphere.
When free fromcontamination the material gave a unique 
flow curve, having a logarithmic flow index of 0.37 and 
being similar in form to that of PIB and PA (see graph 2.1). 
The samples were tested for normal stresses and the result 
is shown in graph 2.2. The magnitude of the normal stresses 
was very small compared with those measured in PIB and PA 
in this case the ratio of normal stress to tangential stess 
was in the order of 0.5 to 0 .7.
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Ivallodoc particles were unaffected by this 
material and settled only very slowly. The use of glass 
particles was possible, but, as with the other liquids, 
the high settlage rate made it necessary to take results 
rapidly and as soon after mixing as was practicable.
(2.5) The Solids Used and their Preparation:
The solid particles chosen to form the suspensions
were either an acrylic moulding powder produced by I.C.I.
under the trade name Kallodoc, or glass Ballatini
manufactured by the English Glass Company. As supplied,
the Kallodoc consisted of small particles having a range
of sizes from 500 microns to 50 microns. While some of
the largest particles were rough or contained air bubbles
the smaller particles .appeared to be spherical and
without flaws when examined under a microscope. The
particles chosen were approximately 100 microns in
diameter and were selected by sieving through a set of
British Standard sieves. Those particles retained between
Sieve Nos. 150 and 170 were separated out and passed twice
more through the two sieves mentioned before use. The
selected particles were washed in detergent, carefully
rinsed in distilled water and dried. The nominal
particle sizes associated with the B.S. Sieves 150 and
170 are 10^ microns and 90 microns. Examination with a
travelling micrCscope showed that the great majority of
particles finally selected were in the size range
100 microns to 90 microns although some particles down
to 80 microns were observed. The density of the Kallodoc
particles were measured using a density bottle, care being
exercised to ensure complete wetting of the solids, and
the density of the particles selected by sieving was
_  ^
found to be l.l8 g cc in accordance with the 
manufacturers published data.
The glass spheres were supplied by English Glass Co 
as Grade l*t, having a nominal size range 90 to 102 microns. 
The material was prepared as for the Kallodoc using 
B.S.Sieves 150 and 170. The resulting particles were 
examined optically and found to be satisfactorily smooth
28
“1and spherical. The density was found to be 2.5*1 g cc” . 
Both types of solid particle were compatible with the 
test liquids as judged by measurements of the viscosity 
of suspensions of the materials for periods of up to 
two weeks. The large difference between the density of 
the glass and that of the test liquids resulted in rapid 
settlement of the suspended solids which made 
measurements difficult. Thus in practice Kallodoc was 
used as the principal test material, glass particles being 
used only in certain confirmatory tests.
Suspensions were prepared using washed, dried, 
particles which were mixed vigorously into the PIB to 
prevent agglomerates of particles. The sample was then 
sealed and left to stand while the entrapped air bubbles 
escaped. In this time some settlement of the particles 
occurred (notably with glass spheres) and the solids were 
then redispersed using a stirrer which was deeply immersed 
in the fluid and rotated slowly to prevent air 
entrappment. Secondary flow and rod climbing effects 
helped considerably in remixing the suspended solids since 
they provide a powerful vertical circulation.
(2.6) Conclusions
The materials finally selected for use were found 
to be stable both as solutions and suspensions for periods 
of two weeks during which a complete range of experimental 
results could be obtained. The properties of the materials 
were clearly defined,' being free from variations due to 
time of shearing or hysteresis effects. It was found that 
by a suitable choice of the concentration of polymer in 
solution, comparable values for the shear stress, she^r 
rate characteristics could be obtained from the materials 
chosen.
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CHAPTER III
DETAILS OF APPARATUS
(3.1) The apparatus used when investigating the tangential 
flow properties of the suspensions was a co-axial cylinder 
viscometer. The equipment was specially constructed for 
this work using as a basis an early model Rheogoniometer. 
This was rebuilt with a new motor, drive, and torque 
measuring equipment together with a modified suspension 
suitable for the co-axial cylinder measuring system.
(3.2) Design Requirements:
This project is concerned with fluids and
suspensions possessing complex flow characteristics, and
thus it is essential to obtain clearly defined shearing
conditions using a viscometric flow. It is also desirable
that a wide variation of shear rate be obtained' continuously
- 1variable from a low value (less than 1.0 sec ). This
restricts the possible flow configurations to cone and
plate, and related types, or co-axial cylinder systems.
It was previously shown by the author (29) that cone and
plate measuring systems are unsuited to measurements upon
suspensions in those fluids which develop normal stresses.
In addition a large gap angle is required to provide
sufficient separation between the cone and plate for the
particles to circulate freely since the minimum gap must
be much.greater than the particle diameter.
These factors suggested the adoption of .a co-axial
cylinder measuring system since the gap width is a
constant and normal stress gradients should have a less
serious effect than in the cone and plate apparatus.
The coordinate systems used to define the
directions of the stress components were shown in Fig
(page/5) for both a cone plate and co-axial cylinder
geometry, it being the gradient (flJhs) which was suggested
'OU1 JcP
as the cause of the particle migration observed in cone 
plate viscometry.
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In a cone plate device
-  ( h '
3^ Ap  ^ ^
where r is variable from 0 to 20 mm. while in the present 
co-axial cylinder system
-r /-hlZ-hl.)
5v /Cfr I ^ /
but r is constant at 40 mm and thus the gradient is much
less than in the cone and plate device.
Theory indicates that the normal stress gradient^-^^
c o
(which acts along the annulus) is a constant;
^ h 3 - ~ n z ( f z ) vs-
Thus it was expected that normal stress effects 
would be le^ ss serious in a co-axial cylinder apparatus 
than in the cone-plate device so that meaningful results 
would be obtained even in normal stress producing solutions.
(3.2.1) Optimum Cylinder Dimensions: The annular gap
should be large compared to the particle diameter -
(a) To prevent wall effects on individual particles.
(b) To minimise the effect, of the decrease in packing
density, which will occur near to the solid walls of the 
annulus. (At distances of R, + | to R, and from R2 - ~ to i^)
(c) To reduce the proportionate effect of misalignment of 
the cylinders.
The annular gap should be small and the radii of
the cylinders large (i.e. AR should be small) -
. . R
(a) To reduce the variation in the rate of shear within
the gap. Athough a calculated correction may be applied,
the calculations are tedious and in non-linear fluids,all 
require a knowledge of the flow properties of the fluid.
Thus the correction and therefore the gap should be kept 
small.
(b) To minimise the annular velocity of the driven 
cylinder necessary to produce a given rate of shear.
This will delay the onset of instabilities in the flow.
Thus a compromise is necessary and, in practice, a 
gap of nominally 1 mm was used at a radius of 40 mm
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(making the ratio qf = . This gap is approximately
10 to 12 particle diameters and represents the minimum 
which may be engineered with acceptable accuracy. The 
correction for rate of shear within this gap is only 10/6 
for an extremely non-linear fluid having a logarithmic 
flow index of 0.2 and the correction is normally very 
small. However, to establish experimentally the effect 
of the walls a second set of inner cylinders were 
employed which provided a nominal 2 mm gap using the same
outer cylinder. The maximum rate of rotation of the
-1 -1system was some 2 rev sec , for a shear rate of 200 sec ,
the outer cylinder being driven to still further delay 
the onset of Taylor vortices and other forms of inertial 
secondary flow.
(3.2.2) End Effects: The results found in practice are 
considered in detail later but in designing the measuring 
system it was possible either to seek to eliminate end 
effects, or to design for significant, reproducible end 
effects and determine their magnitude experimentally.
Various methods for eliminating end effects have been 
suggested. These include trapped air bubbles beneath the 
inner cylinder; this is both inefficient and non-reproducible 
since it depends upon the volume of air trapped. Also 
when using fluids showing a Veissenberg effect the trapped 
air may be ejected presumably due to disturbances in the 
liquid-air surface under the inner cylinder. Cone and 
plate ends are efficient but require accurate longitudinal 
alignment of the apparatus, and in addition they are as 
unsatisfactory as any normal cone and plate device when 
solids are present.
These artifacts only deal with the lower end of 
the cylinder, the upper end effect cannot easily be 
avoided. Partial immersion of the inner cylinder is 
possible with Newtonian fluids, but not with rod climbing 
materials since the fluid climbs the inner cylinder 
making the effective length of the annulus uncertain and 
introducing air bubbles into the sample.
Only guard cylinders offer a method of eliminating
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both end effects, and their use was considered here. 
However, they make the system a complex precision 
engineering operation while in addition they trap air 
bubbles which take many hours to disperse with the 
materials under test and which may enter'the annulus 
during operations, when the presence of bubbles would not 
usually be detectable.
It was therefore decided to employ a simple flat 
ended inner cylinder supported well clear of the bottom 
of the rotating outer cylinder and completely immersed in 
fluid. The system is shown in Fig (3*/) the inner cylinder 
being that referred to later as Al. Inner cylinders of 
two different lengths and two different diameters wrere 
provided in order that the torque/unit length of the 
annulus might be determined by difference measurements.
(3*3) Apparatus:
The apparatus which is shown in Plate 1 consists 
of a vertical track and lead screw upon which runs a 
carriage supporting the torsion measuring system and inner 
cylinder. The outer cylinder is connected to the 
apparatus by an instrument lathe chuck which engages with 
a worm-wheel driven by an electric motor.
(3.3.1) Speed Control: The variable speed drive employs 
a D.C. electric motor controlled by a solid state 
controller (Saunders type FHP37) which regulates the 
field current to the motor and monitors the back e.m.f. 
generated in the motor armature. The motor drives the 
viscometer through a.- three speed gear box having ratios 
1 to 1, 10 to 1 and 100 to 1. These speeds represent
— 1 _ 1maximum cylinder speeds of 2,k rev sec , 0 ,2k rev sec"
_ 1
and 0.02^ 4 rev sec at the maximum speed of the electric 
motor.
(3.3.2) The speed was measured in one of several ways -
(a) By use of a tachometer which was connected to a 
tachometer output on the speed controller, and which gave 
the approximate speed.
W.'K.
81 H'rnm
FIGURE 3*1 Co-axial Cylinder Measuring System nA n.
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(b) Using a photo-transistor and timer counter. In this 
case a slotted metal comb was attached to the viscometer 
outer cylinder (see Plate 1). Light from a 2k volt D.C. 
bulb, mounted on one side of the comb, was allowed to 
fall on the photo-transistor. The output pulses from the 
photo-transistor were amplified and fed to a timer counter 
(Advance Type T C k ) so that the time period between 
successive light pulses could be measured. This provided 
a direct and accurate measure of the angular velocity of 
the outer cylinder which indicated both the average rate 
of rotation, and the stability of the motion within an 
individual revolution within the speed range 0.5 to
o r  -12.5 rev sec
(c) At low rates of rotation when the time period exceeded 
the measuring range of the counter, the rate of rotation 
of the driving motor was monitored using a stroboscope 
built for thi’s purpose. This measurement was accurate but 
separated from the measuring system by the gear box and 
drive shafts. It gave no indication of the uniformity of 
the rotation of the cylinder, only of the average rate of 
rotation.
Using these devices the rate of rotation could be 
set up to better than 1 part in 200 throughout the usable 
speed range of the apparatus. ,
(3 .3 .3 ) The speed stability of the drive was good at
constant load. The shortterm stability, within one 
cylinder revolution was approximately 1%^while the long 
term stability over five minutes was less satisfactory, 
variations of - 1% being present. However the speed 
could easily be readjusted to the required setting. The 
speed control was not capable of maintaining uniform speed 
under conditions of changing load, variations of 10% to 
15% between the unloaded and loaded rates of rotation
being quite common. The speed was therefore adjusted
with the fluid in' the system when a combination of the 
tachometer, and stroboscope or timer counter permitted the 
desired rate of rotation (rate of shear) to be set 
accurately within seconds and adjusted easily thereafter.
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FIG.3*2 Torque Measuring System.
j
(3*3*40 Torque Measurement: Figure (3-2) above shows a 
detail of the torque measuring system. The inner cylinder 
is wholly supported by the torsion bar to which it is 
attached by a steel sleeve and grub screws. Two grub 
screws are provided at each end of the sleeve, one for 
fixing and one which was adjusted until the centre of the 
lower surface of the inner cylinder was arranged vertically 
over the centre of the driving chuck into which a pointed 
marker was fixed to provide an accurate centre. The 
torsion bar clamp was itself mounted to the carriage by 
means of a plate which was positively located to the 
carriage and attached with bolts. Thus the torque bar 
and inner cylinder could be removed and replaced Afithout 
disturbing the pre-set alignment of the inner cylinder.
The torque was measured by recording the angular 
deflection produced in the.torsion bar. The instrument 
used was a Philips Mutual 'Inductance Displacement Gauge 
type PR9, 3.10/01 and bridge type PR9,300.
The position of the displacement gauge was
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adjustable but in general was used with the centre line 
of the gauge 1 . 8 0 centimeters from the axis of the 
apparatus. The torsion bar was sufficiently stiff to 
make the response linear for the torques measured here. 
(Maximum linear dis Pi acement — 1 mm).
(3.3*5) Temperature Control: The temperature control of 
the measuring system was achieved by enclosing the apparatus 
in a perspex box shown in Plate 1. The front panel of the 
enclosure could be raised (vertically) to give access to 
the apparatus. The air temperature within the enclosure 
was controlled to the required value of 2 5°C using a 
1too watt strip element and Fielden precision temperature 
controller type TCB7 . Positive air circulation within the 
enclosure was provided by a Plannair Blower type 3PL/W1.01/401. 
This system maintained a temperature of 25°C — 0.5°C for 
long periods of time, while the large thermal inertia of 
the apparatus provided a more uniform temperature in the 
fluid. To test^for the generation of heat in the annulus 
during shearing, a thermocouple was attached to the inner 
cylinder and the apparatus was operated using maximum 
energy dissipation (high speed, high torque) employing a 
heavy gear oil as a sample. The maximum temperature rise 
recorded in 30 minutes operation was only 1 . 5 deg.C. This 
justifies the view that temperature changes during 
measurements (which in general took only 15 to 20 minutes 
at lower rates of shear and torques) may be neglected.
(3*4) Other Apparatus:
(3.4.1) Other equipment used in this work included a
Ferranti Shirley cone and plate viscometer F.S.144. This
apparatus has been described in detail in the literature (33)
1 oand was used in its standard form with a 1  ^ truncated 
particle cone. The equipment was used to evaluate the 
properties of the basic solutions, as described previously, 
to test for long term stability and effects of degredation. ' 
It was also employed to confirm the accuracy of calibration 
of the co-axial cylinder apparatus and the effect of end 
corrections.
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(3 •**•2) An Epprecht Rheomat .15 co-axial cylinder 
viscometer was employed in conjunction with a number 
of special inner cylinders in the investigations of end 
effects, and with a special outer cylinder when 
investigating the cause of the particle migration, 
observed in certain of the test samples and reported 
later in Chapter VI.
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CHAPTER IV
CALIBRATION OF THE APPARATUS AND EXPERIMENTAL DETAILS
(4.1) Calibration of the Torque Measuring System:
The torque bar constant was determined in two ways 
by static deflection and by oscillation.
(4.1.1) The Static Deflection Method: A l4 cm beam was
suspended horizontally at its mid-point from the torsion
bar. Fine threads were attached to the ends of the beam
and taken via pulleys to scale pans so that the load
applied by the threads acted in a horizontal plane
perpendicular to the axis of the beam. Equal masses were
loaded into each scale pan and the deflections recorded
with both increasing and decreasing load. The calibration
curve (graph 4.1) was then drawn. The lack of a hysteresis
effect gave assurance that pulley friction and other
sources of friction were not important. The calibration
6constant was measured to be 2 . 5 0 x 10 dyne centimeters/mm 
deflection of measuring bridge. This is equivalent to
= i-S. >°7
since the measuring point was 1 8 . 0 mm from the axis of the 
torque bar.
(4.1.2) Dynamic Method: A solid uniform brass rod (length 
20 cm diameter 1.6 cm) was-'mounted horizontally at its 
mid-point to the bottom of the torsion bar. The rod was 
set into small oscillations in the horizontal plane about 
the axis of the torque bar, and the output from the 
Philips Bridge was fed to the timer counter. Thus the 
frequency of the oscillations could be measured provided 
that it did not exceed the limiting frequency of the 
mutual inductance gauge which was 300 Hz, The moment
of inertia of the rod was calculated from the known 
dimensions and the mass, from which the torque bar 
constant could be found assuming that the other 
contributions to the moment of inertia of the system
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were negligible. This is reasonable since the mass of
the oscillating bar was 340 gm while the mass of the
attachment to the torque bar was 9 gm at the axis of
rotation. The period of oscillation was measured as
0.101(5)sec which yields a value of the spring constant 
7of 4. 46 x 10 dyne cm/radian in good agreement with the 
static method. >
(4.1.3) Shear Stress Data: The torque spring constant
n
was taken as 4.3 X 10 dyne cm/radian equivalent to 
2.3 X 10 dyne cm/mm deflection of the measuring bridge. 
This value was used to calculate the shear stress data 
for the inner cylinders using the relation.
2-50 x =r 0i7 £? L ( k )
These values are a constant for each cylinder and are 
independent of the test fluid. The results are shown in 
Table 4.1 where the dimensions of all the measuring 
systems are collected together.
S Y S T E M R A D IU S  
on. rr\,
L E N G T H  
on ok
S H E R R  R A T ?  CONSTANT 
S 6 C “ ' /  -1
/fZ G V S E C -1
s u e r  8  s i r  e s s  c o n s t a n t  
( K  \ 7>YNG c/vr*/
'  / n \  <n\
A  1 • 4 o . o 7 O . O 2 6 4 . 7 3 3 3 . 7
A  2 4 o . o 1 7 . 5 2 6 4 . 7 ' 1 4 2 3 .
B  1 3 3 .  9 6 70.0 1 2 7 . 3 3 7 4 . 7
B  2 3 8 . 98 1 7 . 4 1 2 7 . 3  ■ 1 3 1 1 .
NETAL OUT 
CYLINDER 4 0 . 9 3
- - -
g l a s s  onre<e 
c.Yl in d e jQ
4 4 . 8 3 - (with A) 5 2 . 3
..
Table 4.1
(4.2) Shear Rate Data
The shear raite in a co-axial cylinder system varies 
with radial position within the gap and thus an average 
rate must be taken.
The variation may be minimised by use of a narrow
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annular gap at a large radius (i.e a small value of ) 
and in the apparatus here used this approach has been 
employed with However the error involved in a
simple calculation increases both with gap width and the 
degree of non-linearity of the flow properties of the 
material under test, and in many cases the error even with 
a narrow gap may be significant. This subject is 
extensively treated in the literature (Van Wazer 3^ ) but of 
the many formulae suggested that of Mooney (35) is 
probably most satisfactory for a limited number of 
calculations since the first term is exact for a linear 
material and the series converges rapidly for small 
divergences from linear behaviour. However, this formula 
is tedious to use if many corrections are required and 
Calderbank and Moo Young (36) have calculated corrections 
based upon the relationship of Kreiger and Maron (37) for 
materials obeying a power law flow curve. These 
calculations provide a simple correction factor for the rate
d d  \ / 4-n N  \ c„
oL^ I ~/ IMNEC C y u N .
where is a function of the logarithmic flow index n of 
the material and the ratio of the radii of the annular 
g a p T h u s  it is a simple correction to the Newtonian 
rate of shear and as such is much easier to apply.
The results of Calderbank and Moo Young have been 
used to calculate values of as functions of n for the 
three annular gaps used in this work. The results are 
shown in graph 4.2 where it is clear that the correction 
necessary increases rapidly both with gap width and the 
non-linearity of the material.
In general application of this correction improved 
the agreement between data taken using the co-axial 
cylinder apparatus and data obtained from other methods. 
The corrections have provetl satisfactory in this case, 
since the materials used possess characteristics which 
are reasonably well represented by a logarithmic 
relationship between shear stress (S) and shear rate (D).
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ihe value of the flow index (n) is in all cases greater 
chan. 0.2 and this together with the narrow gap employed 
means that the correction term is always less than 10?u 
for the A measuring system.
As an additional confirmation of the overall 
calibration of the' apparatus a Newtonian oil SAE l40 
was first tested using an NPL calibrated Ostwald 
instrument and found to have a viscosity of l6. 5 poise at 
25 C. The sample was then tested in the co-axial cylinder 
apparatus when a value of 1 6 .6 poise was obtained before 
correction for end effects and 1 6 . 4 poise after correction.
This is a satisfactory level of agreement which 
gives faith in the calibration constants used, although it 
does not reflect upon the accuracy of the shear rate 
corrections in those materials which are appreciably 
non-linear.
(4.3) Review of the Experimental Procedure:
To obtain acceptable standards of reproducibility 
in the measurement of tangential shear stress a standard 
procedure was adopted in setting up the apparatus, loading 
the sample, and bringing the system to the required 
temperature. The routine adopted is set out below:
(a) The bulk polymer sample was thoroughly remixed and
the required mass of material removed. The solid particles 
were added to achieve the appropriate value of solids 
concentration and the suspension mixed vigorously to ensure 
uniform dispersion and reduction of aggregates. After 
mixing the sample was placed in a sealed container to 
de-aerate.
(b) The inner cylinder of the viscometer was then fitted 
to the- torsion bar. Alinement was achieved by adjusting 
the grub screws in the sleeve attached to the lower end 
of the torsion bar until the centre of the base of the 
inner cylinderwas accurately above the centre of the 
driving chuck.
(c) The sealed sample, and outer co-axial measuring 
cylinder were placed in the air thermostat approximately 
3 to 4 hours before use to reach operating temperature.
k5
(d) Just before use the sample was remixed using a 
rotary stirrer deeply immersed in the fluid to prevent 
air entrapment while redispersing the solids if 
appreciable settlement had occurred.
(e) The inner cylinder and the torsion head was removed 
from the carriage and the Phillips Mutual Inductance 
bridge was switched on and left to become stable.
(f) The outer cylinder was then filled to the required 
depth with liquid. The inner cylinder was inserted with 
the outer cylinder inclined to the vertical to prevent air 
being trapped below the inner cylinder.
(g) After filling the co-axial cylinder system was 
attached to the apparatus using the chuck to locate the 
outer cylinder while the base plate carrying the torsion 
head was bolted to the carriage. The Phillips bridge was 
then re-zeroed if necessary by repeated use of the 
amplitude and phase adjustments in that order.
(h) The required rate of rotation was then set using the 
tachometer and strodoscope and timer-counter.
Only by a careful adlierance to a routine could 
reproducable results be obtained. In general, tests were 
made using the small inner cylinders A2 and B2 first so 
that fluid could simply be removed to allow the later use 
of the larger cylinders A1 and Bl.
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CHAPTER V
END EFFECTS IN CO-AXIAL CYLINDER VISCOMETRY
(5»l) Introduction:
In this chapter are reported the results of 
measurements of end effects in co-axial cylinder measuring 
systems using Newtonian and non-Newtonian pseudo-plastic 
liquids. These results have been collected together, 
firstly because they are thought to be of sufficient 
interest to warrant separate consideration and secondly 
to simplify the presentation of the tangential flow data 
which is the subject of Chapter VII.
No previous references have been found in the 
literature to anomalously large end corrections when 
using non-Newtonian pseudo -plastic materials, although 
Dinsdale and Moore fc»8) suggest that end effects should be 
measured independently at different rates of rotation 
for each non-Newtonian material tested. Metzner (38) 
however, has reported that calibration with a Newtonian 
material is satisfactory for assessing end correction in 
non-linear materials, thus implying that the end 
correction is a unique constant of the apparatus. Lindsley 
_ and Fischer (3^) found very large end effects in linear 
materials of low viscosity (less than 1 poise), but their 
conclusions appear doubtful since the apparatus, a Stormer 
viscometer, was used to measure viscosities over a range 
0.01? to 153.9 poises. It is doubtful if the equipment is 
sufficiently sensitive to deal accurately with this large 
viscosity range.
Thus it appears to be widely accepted practice to 
to assume that end correctionsare negligible or can be 
allowed for by a simple calibration with a Newtonian fluid 
provided that the instrument is designed with a small 
value of the ratio i.e., a design which would yield aK ■
small end correction for a Newtonian material. (34).
(5.2) Measurement of End Effects:
End effects will derive physically from any torque 
transmitted to the ends of the inner cylinder and any
k?
disturbance to the laminar flow in the annular gap near 
to the ends of the annulus.
Thus the end effect may be expressed either as the 
torque transmitted to the ends of the cylinder (2E) or as 
an effective increase in the length of the annulus. The 
purpose of the correction is to produce a corrected shear
stress for the flow curve of the material, and thus the
description of end effects as a torque predominates here. 
However, the description of end effects as a correction 
to the length of the inner cylinder is conventional when 
using Newtonian liquids since the correction (AL) is a 
constant of the instrument. (Note: - eotficrcv rgreau'd' )•
For the inner cylinders used here length A1 = k (length A2)
length B1 = k (length B2) 
If (T^ ,)^  is the torque transmitted to bob A1 at shear rate D
(T^)d is the torque transmitted to bob A2 at shear rate D
then  ^(T^ g )D - (T*,)* = 3(2E)D
(Tfl| )J} - (2E)X> = Corrected Torque
and [(T^ j)^ - (2E)pJ K fl/ = Corrected Shear Stress
The corrected shear stress is then plotted against shear 
rate as a flow curve.
Alternatively a graph of torque against cylinder 
length may be plotted and the end effect read off as the 
intercept on the torque axis. In this case AL will be the 
negative intercept on the length axis. This is the 
classical "multiple bob" method of eliminating end effects 
and is fully described in the literature (2 8 ).
(5 .3 ) The Dependence of End Effects upon the Depth of Fluid 
above and below the Inner Cylinder:
The measured value of the end correction will be
meaningful only if it is constant and there will clearly 
be an effect if the separation between the bottoms of the 
inner and outer cylinders of the instrument is too small.
To investigate this effect a flat ended inner 
cylinder (A2) was arranged in the apparatus, and the 
separation of the lower smface from the bottom of the 
outer cylinder was varied from zero (contact) to 50 nun.
In this case a constant depth (20 mm) of liquid was
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GRAPH 5.1 The Effect of Depth of Fluid Below 
the Inner Cylinder.
^
k9
- 1 • ■ 1 — 4- —*-+-------— j j » *■-* I- • • ; • -r*~ — —--—  « * *» -— *—  — *-- -------- -
GRAPH 5.2 .The Effect of Depth of Fluid Above 
the Inner Cylinder,
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maintained above the inner cylinder. The results are 
shown in graph (5»la) for a Newtonian material Rheoplex 
and in graph (5.1b) for a non-Newtonian material PA 
solution.
The torque transmitted to the lower end of the 
inner cylinder through the Newtonian material fell 
rapidly as the separation increased from 0 to 8 mm and 
becaToie constant at a separation of approximately 10 or 
15 mm. The torque transmitted through the PA solution 
fell more quickly becoming constant at approximately 5 mm. 
Thus in later experiments a separation of 20 mm was 
maintained between the lower end of the inner cylinder and 
the cup to ensure that the end effect remained a constant.
The effect due to the upper surface was investigated 
by maintaining a fixed depth of 20 mm of material below 
the inner cylinder and increasing the depth above from 0 to 
50 mm. Graph (5*2a) shows the results for a Newtonian 
material,' Graph (5»2b) for the PA solution. In both cases 
the torque experienced by the cylinder rises to a constant 
value when the top is immersed 10 to 20 mm. ‘The torque 
contribution of the upper surface was estimated by filling 
the measuring system to various levels and found to be 
less than that of the bottom, being approximately k 0% of 
the magnitude of the lower end effect.
Thus the inner cylinder was arranged with 20 mm of 
liquid below and 20 to 50 mm above. The greater depth 
above the inner cylinder was necessary when using materials 
showing Weissenberg effects since the liquid surface 
became disturbed and changed the effective depth of 
immersion at high rates of rotation of the outer cylinder.
These results are in general agreement with those of 
Lindsley and Fischer (39) who found that a separation of 
10 mm and a covering of 5 mm was necessary in the case of 
Newtonian materials,however, these authors did not consider 
pseudo-plastic materials.
(5 .^ ) End Effects in Newtonian Materials:
A Newtonian material Rheoplex 6^1 was used and 
measurements made of the torque transmitted to each of 
the inner cylinders of the co-axial cylinder apparatus
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(cylinders A1 and A2, B1 and B2). Measurements were 
made at a number of different rates of rotation of the 
outer cylinder and the end corrections found by 
extrapolation of a graph of measured torque against 
cylinder length. The results are shown in Graph (5•3) •
The end effects were found to be small and 
independent of gap rate of shear. The total end effect 
was equivalent to approximately 2 mm of the annulus and 
thus represented a 3% error for the 70 mm cylinder.
These results are entirely in accordance with normal 
experience for Newtonian materials when using a viscometer 
having a narrow annular gap of dimensions such as have
A/P I
been employed in this work where ~ 4o ‘
(5»5) End Effects in Non-Newtonian Pseudo-Plastic Materials:
Measurements of end effects have been carried out
as an integral part of the data reported elsewhere in this
thesis for the pseudo-plastic materials SCMC, PIB and PA.
For all these materials the observed end effects were very
large and could represent an error of up to 25/6 if
uncorrected. The magnitude of the end effect was a
function of the rate of rotation of the outer cylinder
and thus of the shear rate in the annular gap.
The results shown in graph (5-(0 were taken using
a 10/6 solution of PIB in tetralin in the A cylinder system,
but the effects are quite typical of the results found in
all the non-linear materials. Three rates of rotation of
the outer cylinder have been shown, 0 .5 i 0 . 1 and 0 . 0 1  
•1
rev sec” equivalent to average shear rates of 1 3 9> 2 8 ,
- 1and 2 . 8  sec
In this case the end effects vary from 13*5 mm at
-1 -10.5 rev sec down to 7»5 mm at 0.01 rev sec . The
- 1*
result shown for the B cylinder was taken at 0.5 rev sec . . 
The end effect expressed as a length fraction is greater 
than for the A cylinder being 15*5 mm or 22?6, but 
expressed as a torque the end effect is comparable with 
that found for the A cylinders at the same rate of 
rotation. Similar results are shown in graph (5 .5a) for 
a 2 % solution of PA in water where again the end effects
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GRAPH 5.5 End Corrections for 2% PA Solution.
GRAPH 5.6 Corrected Flow Curve for 2 % PA Solution.
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are very much larger than would be expected for a 
Newtonian material.
Graph (5*5b) shows the variation of the end effect 
expressed as a torque as a function of rate of rotation 
of the outer cylinder for both the A and 3 systems using 
the same 2% PA solution. The correction is a function of 
rate of rotation increasing rapidly with the angular 
velocity of the outer cylinder. The results for the A 
and B cylinders increase in a similar way, the ratio of 
the torques being approximately constant at 0.92. This 
is in reasonable agreement with the ratio ^  j = 0.93
which would be the expected result if the end effects were
to arise solely from the viscous resistance experienced by 
the ends of the cylinders. It thus appears that the end 
effects result largely from the resistance experienced by 
the ends of the inner cylinder rather than a disturbance 
in the assumed laminar flow in the annular gap.
Graph 5*6 shows the magnitude of the errors 
involved for the 2 % PA solution if end effects are neglected. 
The uncorrected flow curves have been obtained by plotting 
the total torque transmitted to the A and B cylinders as
a function of the shear rate in the annulus. All the
flow curves have been corrected for rate of shear 
variations within the gap using values of = b O 4 for 
the A system and = ho<j for the B system. Thus the 
uncorrected flow curves represent the effect of end 
corrections upon the measurement. When the end effects 
shown in graph 5*5 are deducted from the uncorrected flow 
curves, the results using different annular gaps are 
brought into very good agreement. There is also very 
close agreement between the co-axial cylinder results and 
the flow curves measured using a Ferranti Shirley cone 
and plate apparatus. This apparatus is free from end 
or edge effects if carefully loaded and the rate of shear 
is constant throughout the sample. Thus the agreement 
between co-axial cylinder and cone plate data is an 
important confirmation of the validity both of the end 
corrections and the gap shear rate correction.
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(5 .6 ) A Theoretical Maximum Value for the End Corrections:
In order to estimate the magnitude of the end 
correction for a pseudo-plastic material ( ^ 0 ), it is 
convenient to consider the extreme case of an ideal plastic 
material defined by a flow curve :
S < S0 for D = 0 S° ‘
S
S = s0 for D y .0
The torque experienced by a single 
conical end of radius R, and 
semi-vertical angle 0 would be
c ■*'
I S.~^  S0 clli fZf
J Sin0 3 Soi 0
The torque/unit length of the
annulus is given by :
2.77 R? S0
Tlius AL * £ for two ends.
3 5vk 0
This gives a value of ^ f -o/s © * A-5
and a value of 4 t * -y- R t » C-C7 Fog a *• 90
This simple calculation suggests a maximum value of 
2 6 . 6 mm for the co-axial cylinder apparatus using an 
ideal plastic material so that presumably the effect in 
a pseudo-plastic material will be somewhat less.
In practice end effects of 20 mm have been 
recorded in PIB in the present apparatus. Tests have 
been made in an Epprecht Rheomat 15 using a clay suspension 
which approximates well to plastic flow and values of 
AL = have been recorded in reasonable agreement with
the calculated value of 0.95 R, for the Epprecht "A" 
measuring system.
(5.7) End Effects in Non-Newtonian Suspensions:
The previous sections dealt only with end effects 
in non-Newtonian materials which are homogeneous in the 
dimensional scale of the apparatus. Because the measured 
end effects in the base solutions are very large it is 
impossible to assume that the same values of the end•
corrections will apply when testing suspensions of solids 
whose dimensions are significant compared with the 
annular gap. In practice measurements of end effects 
were made for every test material and suspension. The 
torque transmitted to the ends of the inner cylinder at 
a specified shear ratq was found to increase with the 
solids concentration but the torque per unit length of 
the annulus also increased and the end corrections expresses 
as a length fraction.were found to increase only very 
slightly. For example AL increased by only 2 % for a 
solids concentration of 10/o by volume in PA solution.
(5*8) End Corrections and the Flow Properties of the Test 
Liquids:
Qualitatively the large value of the end correction 
in pseudo-plastic liquids is reasonable since at a given 
rate of rotation of the outer cylinder the material at the 
ends of the inner cylinder will experience a low shear rate 
and thus exhibit a high steady rate viscosity. The fluid 
in the annular gap will experience a higher shear rate 
and in consequence relatively low steady rate viscosity. 
Thus the measured end effects would be expected to be 
related to the form of the flow curve for the materials.
In particular, for a material which tends towards 
linear flow behaviour at low shear rates the end 
correction A L should decrease and approach the Newtonian 
value of 2 mm to 3 mm at low rates of cylinder rotation. 
Graph 2.1 shows the flow curves for PA,' PIB and SCMC 
used in the later experimental tests and in all these 
materials the flow curves tend towards linear behaviour 
at the lowest rates-of shear.
Graph (5.7&) shows the results of plotting AL as
functions of gap shear rate for the materials PIB, Rheoplex
and SCMC plus Neuodex 8 7 . The end correction for Rheoplex
was found to be substantially constant at 2 mm and
independent of the shear rate. The correction for PIB,
initially 15 mm at high shear rates fell markedly at gap
-1rates of shear of 10 sec and below while the 
corrections in SCMC initially l6 mm at high shear rates 
increased to 20 mm or more at low shear rates below
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GRAPH 5.7 (a) End Corrections and (b) Flow Properties.
60
_ i
10 sec . The logarithmic flow curves for the materials
are shown in graph (5-?b). The PIB tends towards
Newtonian flow with a flow index rising to 0.8 at shear
-1
rates below 5 sec while the modified SCMC has a flow
index which falls towards 0.5 at low shear rates below 
-11 sec . This material showed other evidence of a yield
sitro#si by trapping air bubblos*
The accuracy of the end effect data cannot be
-1maintained below approximately 1.0 sec since its 
determination depends upon the difference between two 
small quantities and it is therefore impossible to say 
that the end corrections approach the Newtonian value at 
very low shear rates. However, it is quite clear that 
the end corrections ‘decrease in PIB ("and PA) while the flow 
characteristics of these fluids show a definite tendency 
to revert to Newtonian form at low shear rates. However 
in the modified SCMC, a gell like material, the end effects 
certainly increase at low shear rates.
(5*9) Conclusions:
(5-9-T) The apparatus has been tested using Newtonian 
fluids and the end effects have been found to be small as 
would be expected with a narrow annular gap. The end 
effects were also found to be independent of the shear 
rate in the apparatus. Thus the end effects are a constant 
of.the apparatus.
(5.9.2) The end effects in non-Newtonian pseudo-plastic 
materials are very large compared with those found for 
Newtonian liquids and are a function of gap rate of shear.
The value must therefore be measured for every material 
at every rate of rotation.
(5-9*3) End effects can be accurately measured and eliminated 
by the use of a classical two bob method, provided that 
the bobs are completely immersed in the fluid. This is 
justified by the accuracy with which the corrected data 
from different systems compare with each other and with 
the•cone and plate data.
(5.9.4) End effects appear to derive principally from
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the torque transmitted to the ends of the inner cylinder. 
Thus a guard cylinder attachment could work if properly 
constructed. The end effects are independent of the 
depth of fluid above and below the inner cylinder beyond 
10 to 15 min.
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CHAPTER VJ
PARTICLE MIGRATION IN COUETTE FLOW
(6 .1) Introduction:
Migration of solid particles which are initially 
in uniformly dispersed suspensions has been reported for 
a number of flow conditions and in a variety of liquids.
It is well known to occur in tube flow (23). and solids 
suspended in Newtonian fluids have been observed to move 
radially and concentrate towards an annular region at 
approximatelyO.6 of the tube radius. This has been 
observed by Segre and Silberberg (4l) and hydrodynamic 
explanations have been offered by Cox and Brenner (42) and 
others. In viscoelastic fluids a similar migration away 
from the walls has been observed (43).
The author has observed a rapid redistribution of 
the suspended solids in cone and plate viscometry of 
materials which generate large normal stress differences 
in shear flow. The redistribution is followed by a general 
migration of the solids to the edge of the cone and plate 
system, typically after 15 to 20 minutes at 100 to 200 sec 
It is however the redistribution which occurs in 20 to 
60 seconds and which results in dense particle rings 
(Cv= 25%) that precludes the use of the cone and plate 
viscometer when testing suspensions in normal stress 
producing liquids.
Particle migration in suspensions subjected to 
Couette flow does not appear to have been reported although 
Karnis and Mason (44) have reported a radial motion of 
individual solid particles in a co-axial cylinder system. 
The observed motion was outwardly directed and they 
suggest that it may be due to the normal stress gradient
which exists between the inner and outer walls of the 
annulus. In addition, Couette flow is known to demonstrate 
instabilities known as Taylor vortices in Newtonian fluids 
which might be expected to produce non-uniform particle 
distributions during shearing. In a Newtonian liquid the 
criterion for stability is that a critical Reynolds number
should not be exceeded. The critical value of Reynolds
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number has been given (45) as
H » 41-3.  J f - h  )
C«'T-
This formula gives a value of Ntqrr of tlO for the 
apparatus used in this work.
Recent work by S. K. Datta (46) has indicated that 
instabilities may occur in non-Newtonian fluids in 
conditions which would not yield a high Taylor number 
for a Newtonian material.
Several of the fluids which have been used in 
this research exhibit very large normal stress difference 
in shear, and this together with considerations of flow 
stability made it essential to examine the particle 
distributions directly under test conditions.
In experiments using a glass outer cylinder in 
the co-axial cylinder apparatus a complex migration process 
has been observed. Solid spherical particles (Cv=10%) 
suspended in PIB and PA were observed to move along the 
length of the annular gap and out into the regions above 
and below the inner cylinder. The process was slow 
compared with that previously described in the cone and 
plate system so that the process does not prevent 
meaningful results of suspension viscosity being obtained 
in a co-axial cylinder geometry.
In this chapter the observations are presented 
together with the results of tests intended to clarify 
the processes involved. In section 6.2 the co-axial 
cylinder device used in the observations is described.
The observations themselves are set out in section 6.3, 
and the effect of the phenomena upon the tangential shear 
stress measurements is discussed in 6.4. Two 
investigations have been made in an attempt to clarify 
the mechanism of the particle migration observed in 
Coutte flow and these are described and the results 
discussed in section 6 .5 *
(6.2) Apparatus:
The co-axial cylinder system used in these tests
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has been fully described elsewhere (2^ ) and comprised 
a transparent outer cylinder consisting of a clear glass 
tube secured to an aluminium base plate with Araldite; 
the base plate carried a spigot which engaged with the 
driving chuck of the co-axial cylinder apparatus. The 
diameter of the glass cylinder was measured at four 
different diameters and the average was found to be 
98.7 ^ .05 mm, while dial gauge readings indicated that 
the upper end of the cylinder was axially aligned and 
symmetrical to ± .05 mm for all but one centimeters of 
the circumference where a flaw in the glass increased 
this to + 0.2 mm beyond the mean value. This attachment 
was used with the A* inner cylinder in the co-axial cylinder 
apparatus.
(6 .3) Observations of Particle Migration:
Samples of PIB, PA, SCMC, and Rheoplex were
prepared as suspensions having a volume concentration
of 10%. These samples were placed in the apparatus using
-1the glass outer cylinder and rotated at 2.0 rev sec , a 
rate of rotation which is close to the maximum speed of 
the apparatus and considerably higher than any used in 
viscometric tests. The 4 mm annular gap used with the
glass cylinder results in an average gap shear rate of
-1 -1105 sec for Rheoplex and approximately 130 sec for
PIB; 150 sec"1 for PA; and 135 sec"1 for SCMC. Thus the
rate of shear is comparable with that used in the
viscometric measurements here; and that previously used
in the cone plate apparatus where migration was observed.
All the photographs in this chapter have been
taken using a reflex camera with focal plane shutter and
an exposure of 1/15 sec at f5.6 with a film of speed
rating 17 DIN. Thus the plates show the integrated effect .
of some 50° rotation of the outer cylinder.
Plate 2 shows the result of shearing an initially
-1
uniform PIB suspension for 50 minutes at 2 rev sec 
The white bands (arrowed) are dense particle rings which 
exist in the annulus in a plane normal to the axis of 
the instrument, while the alternate dark regions are
PLATE <3. THE EFFECT PRODUCED BY SHEARING) 
A SUSPENSION IN P. I. B.
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effectively clear of solid particles.
The number,density, and axial position of the rings 
found in PIB change continuously with time of shearing, 
and while the general appearance of the system could be 
reproduced in successive experiments by a similar period 
of shearing the precise number or position of the rings 
could not be predicted as a function of time of shearing.
Plate 3 shows the progress of a single experiment 
using PIB the times of rotation being 0, 20, kO and 60 
minutes as shown on the frames. A general streakiness 
developed in the suspension after 10 to 15 minutes of 
shearing but there was no rapid redistribution of the 
solid particles as has been observed in the cone and plate 
apparatus. The density of the particle groups increased 
with time of shearing as did the width of the clear zones 
between the developing rings. The ring formation changed 
gradually, apparently by movement.of the individual 
particles along the length of the annulus rather than by 
any positive motion of the rings as entities. This 
contrasts with the cone and plate case in which the 
radius of the ring structures themselves increased rapidly 
with time of shearing. The ultimate situation, reached 
after 60 to 100 minutes was that the annular gap became 
empty of suspended particles except for a small region 
within 5 to 10 mm of the ends of the annulus where the 
particle density increased gradually to the value present 
in the free liquid above and below the inner cylinder.
Plate k shows a similar sequence of photographs 
for a suspension in PA solution. In this material the 
appearance of the particle distribution during shearing 
is quite different from that in PIB since clearly 
defined particle rings did not occur. Shearing produced 
two clear regions initially some y and -§ along the length 
of the annulus. The central particle band decayed slowly 
with continued shearing, and the ultimate effect is 
similar to that observed in PIB suspensions, i.e the 
central 70% of the annulus becomes free of suspended 
solids as shown in the final frame of plate 4.
The rate of loss of particles from the annular gap 
was similar in both PIB and PA,complete clearance taking
A AFTER0
A FTF.R 4-0 MINUTE?.
B AFTER 20 MINUTES
D AFTER 60 MINUTES.
PLATE 3 T H E  EFFEC T OF
ON A SUSPENSI ON I N  PI .  8 .
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A. AFTER 0 Minutes. B. AFiER 20 MINUTES
C A FTE R  4 0  MINUTES. P  AFTER 60 M/NUTG?
PLA TE 4. THE E F F E C T  O F  CONTINUED SHEAjeiNQ 
ON A S U S P EN S I O N  I N  P. A.
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some 60 to 100 minutes in either material at 2 rec sec"1. 
t The effect of reducing the rate of rotation was to reduce 
the rate of clearance in both PIB and PA, although the 
general features of the particle distributions remained 
unaltered. However as in the cone and plate instrument 
a quantitative measure of clearance rate was very difficult 
to establish.
Suspensions of solid particles in Rheoplex and 
SCMC did not exhibit either axial migration or any other 
change in particle distribution. No effect was observed 
in 120 minutes shearing with Rheoplex or 60 minutes with 
SCMC. These materials do not develop the large normal 
stress differences found in PIB or PA (see graph 2.2) 
which leads to the conclusion that the migration observed 
in the co-axial cylinder system is related to the normal 
stress properties of the fluids rather than the 
non-linearity of their flow characteristics or other 
hydrodynamic effects such as misalignment of the co-axial 
cylinder system.
A further observation was made when using PIB; in 
the late stages of the clearance process, typically after 
4:0 to 60 minutes, an oblique view of the remaining particle 
rings showed that a group which appeared as a single ring 
when viewed horizontally in fact contained two rings, one 
near to the surface of the inner cylinder and the other 
» near to the surface of the outer cylinder but at the
same axial position. Plate 5 shows such an oblique 
view of a ring, system taken after 50 minutes shearing.
This effect was not observed at an earlier stage 
in the clearance process although the complexity of the 
particle system may have prevented observation. However 
since the longitudinal position of the particle rings 
changes with time of shearing, it seems unlikely that 
the two sections of a ring,once separated radially, would 
continue to move axially along the annulus at exactly 
the same rates, i.e once a doublet has formed with one 
component near to each wall of the annulus the two 
components would be expected to move longitudinally at 
different rates and thus separate. This has not been
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observed and seenjs to imply that the separation of a 
ring into a doublet occurs late in the clearance process*
There are several possible reasons for the 
observed behaviour :
(a) Some particles from a ring may adhere to the walls 
of the annulus.
(b) The rings form at the junctions between cellular 
secondary flows in the liquid, and ultimately the centre 
of the annular gap is swept clear of solids by the 
secondary flows.
(c) If the axial migration is caused by a force directed 
along the annulus, this force may have a radial 
distribution, and may decrease near to .the walls.
(d) There may be an active force directed towards both 
walls.
Of these possibilities (a) appears most likely, 
although it is interesting to note that Karnis and Mason 
have reported a rapid radial motion of suspended solid 
particles from inner to outer cylinder in a co-axial 
cylinder system. The published data of Karnis and Mason 
indicates that for the shear conditions imposed in the 
experiments reported here all the suspended solids would 
reach the outer limits of the annulus in under 10 minutes. 
This rapid unidirectional effect has not been observed 
either in these tests or in the measurements of transverse 
viscosity reported later (chapter 9). Mason’s apparatus 
(47) employed a contra-rotating cylinder system so that 
the particle could be maintained in a fixed position 
relative to the observer. The particle was examined using 
a split-image microscope so that it was possible to view 
a particle simultaniously from directions along the 
annulus and from the side. In the reference (47) given 
above the particle is shown close to the end of the 
annulus and it is probable that the optical properties 
of the fluids used would prevent observation through any 
large depth of liquid. The effect noted by Karnis and 
Mason could thus be due to secondary flow in the surface 
or near to the end of the annulus, where the circulation 
associated with rod climbing effects would be an obvious
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reason for such an outward circulation near to the 
surface of the liquid.
(6.4) The Effect of Migration upon the Tangential 
Stress Measurements:
It has not proved possible to observe directly 
migration effects in the metal outer cylinder used for 
viscometric tests but there is clear indirect evidence 
that it occurs.
When testing Newtonian fluids and suspensions in
Newtonian fluids in the co-axial cylinder apparatus the
shear stress recorded at a constant shear rate was
independent of time of shearing for periods of 60 to
100 minutes, within the limits of accuracy of the apparatus.
Pure PIB and PA solution together with SCMC, solutions and
suspensions,also possessed steady rate properties which
were effectively independent of time of shearing.
However, when suspensions of solid particles in PIB or
PA were tested at constant shear rate, the shear stress
began to decrease after 10 to 15 minutes at the highest
—  1rates of shear (200 sec ). The decrease in shear stress 
continued for a further 30 to 40 minutes and finally 
tended towards the shear stress previously recorded for 
the pure solution at a similar shear rate. The effect 
was irreversible, the suspension was allowed to stand 
for 4 or 5 hours but the shear stress did not recover 
significantly.
These observations are wholly consistent with the 
effects of an axial migration of the solid particles, 
since the time scale of the variations of stress is 
similar to that observed using the transparent outer 
cylinder; also since the particles can escape completely 
from the annular gap it is to be expected that an 
irreversible fall in recorded shear stress will result 
in which the shear stress recorded at a given solids 
concentration will tend towards the value appropriate 
to the pure solution after long periods of shearing.
This change in shear stress with time could also 
result from structural breakdown of the fluids, or the
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breaking up of particle aggregates. However the pure 
solutions have been observed to exhibit well defined 
properties (see chapter 2) while no evidence of particle 
aggregates has been observed in other tests. The 
irreversible nature of the observed change in shear 
stress also suggests migration rather than deflocculation, 
while the time, of approximately 30 minutes, is also large 
considering that only a few minutes stirring is necessary 
to mix the original suspension, as judged by optical 
examination of the suspensions.
The migration results in an apparent hysteresis 
effect if a flow curve is constructed from measurements 
which are taken slowly; the effect is irreversible and 
after a number of cycles the same low viscosity flow 
curve is followed repeatedly.
The rapid redistribution which is a feature of 
cone and plate observations, and which prevents these 
devices producing useful data,does not occur in the 
co-axial cylinder system. Thus the evidence indicates 
that results of tangential flow properties taken from 
co-axial cylinder measurements will be meaningful providing 
that the results are collected in the shortest possible 
time, before loss of particles from the annulus has 
become serious. In practice results were taken after 
only 15 to 20 seconds rotation at each speed and the 
data were accepted provided that results taken at 
increasing speed agreed with results at decreasing speed 
(i.e that irreversible changes in sample properties were 
negligible). ,
(6.5) Investigations of the Mechanism of Migration 
in Coutte Flow:
Although it has been shown empirically that the 
main experiments can be conducted three, tests have been 
carried out to investigate possible causes for the axial 
migration of the suspended solid particles. Two of these 
tests pertain to the stability of the liquid flow while 
the other was an attempt to measure the axial normal 
stress distribution, present during shear in PIB and PA
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solutions.
(6.5.1) To investigate the stability of flow in the 
annular gap. The particle distribution which develops 
in PIB has an apparance which suggests that it may be 
due to the presence of cellular secondary flows in the 
annulus. Such inertial instabilities are well known (48) 
in Newtonian fluids where the stability criteria are 
related to the Taylor number of the flow, but since 
neither Rheoplex or SCMC demonstrate migration it appears 
that the conditions are not suitable for these instabilities. 
However conditions for secondary flow in non-Newtonian 
fluids have been considered for Couette. flow by Datta (4-6) 
who concludes that instabilities may occur under conditions 
where the flow of Newtonian fluids would be laminar.
This is not perhaps unexpected since in cone and plate 
flow Rathma and Shina (4 ) have considered second order 
fluids and have predicted cellular secondary flows of a 
type which have been observed in wide angle cone plate 
systems by Hoppman (So) and Giesekus (5 1).
It was decided to use the glass outer cylinder and 
a specially constructed inner cylinder from which dyed 
material could be injected into the annular gap during 
shearing without seriously perturbing the flow. The 
material used with PIB was PIB solution coloured red with 
an oil soluble dye, while the PA solution was prepared 
using water and Nigrosine (B.D.H.Ltd.) and intense 
blue-black dye.
The rheological properties of the coloured solutions 
were adjusted so that the tangential flow properties were 
similar to those of the bulk fluid as measured using the 
Ferranti-Shirley cone plate instrument.
The special inner cylinder used is shown in fig 6.1 - 
and was made from solid aluminium to the same dimensions 
as the A1 inner cylinder (i.e length 70 mm and radius 39 mm). 
A, -j|- inch diameter hole was bored in the bob and a tube 
was pressed into the inlet hole at the top so that fluid 
might be injected from outside during rotation of the 
outer, cylinder. A nipple with a 0.5 mm. diameter hole was
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6.1 Inner Cylinder Designed to allow Dye 
to be Injected into the Annular Gap.
76
(a) 10 Minutes after Injecting the Dye
(b) 30 Minutes after Injecting the Dye.
PLATE 6 The Injection of Dyed PIB into a PIB Suspension.
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screwed into the curved wall of the bob and filed flush 
so that the exit hole would produce ,a minimum disturbance 
to the flow in the annulus.
Tests were carried out both in pure PIBj PA and 
Rheoplex and with 10% suspensions of solids in all these 
materials. Plate 6 shows the result of injecting dye 
into a system of PXB plus 10% Kallodoc spheres. The dye 
was injected after some particle redistribution had 
occurred and the photographs show the condition of the 
material 10 minutes and 30 minutes after injecting the 
dye. The dye stream spread smoothly round the inner 
cylinder without obvious turbulence and slowly diffused 
along the length of the annulus in both, directions from 
the entry point. Plate 6 shows effects which were 
typically of those observed in PXB and PA solutions.
The dyed Rheoplex diffused somewhat less rapidly through 
the Rheoplex than was the case in PIB or PA, but again 
showed no tendency towards turbulence or cellular 
circulations.
The results may be summarised
(a) The dye spreads smoothly and rapidly round the inner 
cylinder to form a dense closed band, initially some 2 mm 
wide.
(b) This coloured band then diffuses slowly along the 
length of the annulus reaching the top and the centre of 
the system after.some 30 "to 40 minutes of rotation.
(c) The width of the band and its rate of diffusion does 
not correspond in any obvious way with the separation or 
motion of any particle structure which may be present at 
the time of injection, or which may develop while the 
dye is spreading through the annulus.
(d) There was no evidence of turbulence or of rapid 
secondary fluid flows in the annulus in any of the 
materials tested.
(e) The dye spread into the space above the inner cylinder 
only after 1 to 2 hours of high speed rotation.
Thus these dye results do not offer any obvious 
explanation of the ring formations or the particle 
migration which has been observed in PIB and PA solutions.
(6.5*2) To ensure that there was no interaction between
circulations in the fluid above and below the inner
cylinder and the fluid in the annulus, a further test
was arranged. A suspension of Kallodoc in PIB was
placed in the apparatus and the sample was left for
three days to allow the particles to settle to form a
uniform layer on the top of the inner cylinder and the
bottom of the cup. The apparatus was then rotated at 
-12 rev sec and the particles used as tracers of the 
resulting secondary flows. A rapid secondary flow 
developed both above and below the inner cylinder in which 
streamers of particles moved rapidly inwards and upwards 
at‘the top of the system, and outward and upward below 
the inner cylinder. These flows began immediately the 
system was rotated and were thoroughly established in 
10 minutes when the photograph in plate 7 was taken. The 
circulation pattern is shown dotted while the white 
section above the cylinder consists of the particles which 
were originally uniformly distributed on the top of the 
bob. The circulation was vigorous and showed a distinct 
similarity to the flows which occur near to spheres and 
rods rotating in non-Newtonian fluids and which have been 
so elegantly photographed by Giesekus et al (5’<3).
Only after 30 to kO minutes did any of the particle, 
move into the annular gap, when a small number appeared 
in the top three or four millimeters of the annulus.
These particles did not however penetrate further into the 
annulus after 60 to 90 minutes of rotation, and thus it 
seems that there is no significant interaction between 
the secondary flows in the fluid beyond the annulus and 
the material in the gap.
(6.5.3) Variation of the Radial Normal Stress pw with 
Axial Position: It may be shown theoretically (zY) that 
the normal stress p^ in a vertically mounted co-axial 
cylinder device should simply be:
nPLATE FLUID SECSMDAtf/ FLOW ABOVE AMO
BELOW THE INNER. CYLINDER.
where is measured at the outer cylinder wall. Early
work by Garner Nisson and Wood in which the pressure
distribution at the inner cylinder was measured using a 
double tapered bob apparently indicated a small stress 
gradient. The work however has been generally 
discounted because the parallel plate and cone plate 
data reported in the same publication did not reveal any 
normal stress distribution. More recently Broadbent (30) 
has measured the normal stress difference Apu between the 
inner and outer walls of a wide gap co-axial cylinder 
apparatus (where g) in which the inner cylinder was 
rotating and has taken results by changing the depth of 
fluid in the annulus. No significant variation of APax 
with depth of immersion was observed although this would 
not seem a sensitive test unless the depth was reduced 
so that the surface level came very close to the detector 
(see fig 6 .2 ) when surface disturbances would become a 
serious pertubation. Also the effective shear rate was 
relatively low compared with that used here.
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Figure 6.2
An attempt has therefore been made to measure the 
normal stress gradient (5—^ using an Epprecht R 15 viscometer 
with a modified outer cylinder shown diagramatically in 
fig 6 .3. The dimensions of the apparatus were those of 
the standard system A so that the Epprecht A inner 
cylinder might be used. The modified outer cylinder was 
constructed with six; 2.0 mm diameter manometer holes at 
1 cm centres along the vertical length of the system. 
Flexible tubes were attached to the manometer points and 
brought pp parallel to the axis of the apparatus so that 
when the cylinder was filled with liquid the manometer
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FIGURE 6.3 Modified Outer Cylinder for use with 
the Rheomat "A" Inner Cylinder to 
measure the Normal Stre ss paa_
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levels were horizontal.
The apparatus was arranged to he vertical by 
careful use of a plumb line, and the speed of rotation of
—  1the inner cylinder was varied between zero and 152 rev rain
_  -i
equivalent to a shear rate of approximately 25 sep .
The torque transmitted by PIB and PA overloaded the
instrument and this low shear rate was the maximum which
could be employed.
With PIB and PA a reproducible pressure gradient
was observed which was symmetrical about the vertical
centre of the inner cylinder. The magnitude varied with
the shear rate but the maximum effect corresponded to a
depression of the central manometer level of 1.5 to 2 cm
of the operating fluid (^o = 1.0 to 1.1 for PIB) for PIB
-1
and PA at a shear rate of 25 sec
The fluid levels returned to the horizontal when 
the speed of rotation was reduced to zero, and the 
gradient could be reproduced by starting the apparatus.
The pressure distributions recorded with PIB and 
PA were such that the pressure half way up the annulus 
was reduced by rotation of the inner cylinder i.e if the 
result is genuine the normal stress p5i produced by 
rotation is directed inward across the shear planes 
resulting in a mean normal stress gradient o f
500 to 700 dyne cm
The Rheoplex was tested at a slightly higher speed 
and no significant effect was observed, the manometer 
levels remained horizontal.
There are two possibilities for serious error in 
these tests:
(a) Misalignment of the cylinder system. The Epprecht 
apparatus does not provide a positive alignment of the 
cylinders, the apparatus must be accurately vertical and 
gravity is relied upon to maintain concentricity. To 
test the effect of misalignment the system was set up 
as shown in fig 6.4a and the inner cylinder was rotated 
as shown. The pressure gradient became more pronounced 
as might be anticipated, the actual level depending upon 
the rate of rotation and the exact relative position of
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the manometer holes and the inner cylinder.
Fig 6.4(a) . Fig 6.4(b)
FIGURE 6.4
The bob was then arranged as in fig.6.4b and a
small negative pressure was again produced. This would
not be expected if the effect is purely hydrodynamic but
it is reasonable if the negative pressure is shear rate
dependant as would be the case for a normal stress effect.
(b) Hole effect. Broadbent et al (30) have reported that
the pressure measured by a manometer tapping is affected
by the shear rate in the plane of the opening. This
effect may well occur with the 2 mm holes used in the
present apparatus, but it should represent a constant
effect for all the holes in the outer cylinder. This
effect might produce a general change in the levels of
the manometers but it would not be expected to result in
a pressure gradient. (it is interesting to note that
assuming the viscous resistance to be that found in the
previous thesis, 300 poise,then a 3 cm axial motion
would occur in approximately 50 minutes if the normal
_3
stress gradient was equal to 700 dyne cm as has been 
measured here).
(6.6) Conclusions:
(6.6.1), A complex form of particle migration has been 
observed in suspensions of solid particles in normal 
stress producing liquids sheared in a co—axial cylinder 
geometry. The suspended solids move axially along the 
annulus and are finally lost from the measuring system.
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(6.6.2) The e f f e c t was apparently connected with the 
normal stress properties of the liquids since no migration 
was evident in Newtonian fluids or non-Newtonian fluids 
which develop only small normal stress differences.
(6.6.3) The effect was slow and should not affect the 
accuracy of viscometric measurements provided that they 
are carried out rapidly. This conclusion is justified 
by the negligible degree of hystersis found in 
measurements of tangential stress.
(6.6.4) Tests using dye did not reveal any significant 
turbulence or secondary flow effects which would seem 
adequate to explain the observed effects.
(6.6.5) The measurements of the axial variation of normal 
stress might, if genuine explain the axial particle motion. 
However it would not explain the particle rings observed 
in PIB and the results should be treated with reserve 
until repeated at higher shear rates in a device having 
accurate cylinder alignment and direct reading pressure 
transducers.
(6.6.6) The rapid radial particle migration reported by 
Karnis and Mason has not been observed either in these 
tests or those reported later in chapter 9*
CHAPTER VII
MEASUREMENTS OF SHEAR STRESS AS A FUNCTION 
OF SHEAR RATE AND SOLIDS CONCENTRATION
(7*1) Introduction:
In section 2 of this chapter shear stress results 
are presented for suspensions in a Newtonian material, 
Rheoplex 641, using both of the co-axial cylinder 
measuring systems and a cone plate apparatus. These 
results are compared with experimental data for Newtonian 
systems which has been abstracted from the literature, so 
that a measure may be obtained for the reliability of the 
present experimental techniques when applied to suspensions.
In section 7-^ t new data for suspensions a.n 
non-Newtonian fluids are set out and in section 7 * 5 these 
are analysed in a way suggested by comparision with the 
classical treatment for linear fluids. All the test data 
reported were obtained at a temperature of 25°C and have 
been corrected for end effects as described previously 
in chapter 5. The results are plotted as functions of 
average gap shear rate computed as in chapter 4, from 
the flow curves of the base solutions.
(7.2) Newtonian Fluids:
The Newtonian fluid Rheoplex 64l was first tested
without addition of solids (Cy=0) and then as a suspension
at volume concentrations (Cv) of 1, 2, 3i 5 1 7 % and 10%
using both Kallodoc spheres and Ballatini.
The results of measurements at shear rates in the 
— 1range 0.6 to 200 sec are shown in graph 7-1 for volume 
concentrations of 0, 2, 5, 7 and 10 percent of Kallodoc.
The flow curve for C v=0 is linear within the limits of 
accuracy of the apparatus and even at the highest solids 
concentration (of 10%) the flow curve was still substantially 
linear, although a slight but apparently significant 
deviation towards p s e u d o —plastic flow was evident at the 
highest shear rates.
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GRAPH 7.1 Shear Stress as a Function of Shear Rate and 
Solids Concentration for Rheoplex 64l.
The points plotted are the average of the shear 
stresses recorded at increasing and decreasing shear 
rate, but in practice there was no evidence of a systematic 
change in the measured shear stress even after extended 
periods of shearing at a high shear rate. The 
reproducibility of the data for a given specimen at 
increasing and decreasing speeds was within 1 % of the
_ -]
shear stress in the range of shear rates from 2 to 200 sec
but at lower shear rates a larger variation of rate of
rotation developed which made the shear stress uncertain
by an amount which increased as the shear rate (D)
decreased. This resulted in an uncertainty of ±l^to 2 %
_ ^
at 0.6 sec , and thus where results arising from data
-1taken at less than 2 sec are plotted no curve will in 
general be drawn through them.
Three repeat tests were carried out using new 
samples and the horizontal marks above and below the 
points in graph show the spread of these results.
In practice reproducibility between different samples was 
good representing an inaccuracy of ± 1 % which compares 
favourably with the accuracy level inherent in the 
apparatus.
The results obtained in the A and B systems were 
found to agree well. This indicates that wall effects 
were not significant, since end corrections are small in 
linear materials and gap shear rate corrections are also 
unnecessary. This is in agreement with the experimental 
observations of Eveson (5-40 who found that the width of 
the annular gap did not significantly affect the steady 
rate properties measured for Newtonian suspensions.
Wall effects have been considered theoretically
by Guth and Simha (55) who derived the equation :
i
2 ' 5 C ' +  ^ w ] C v ) .  ;
where ^ is the ratio (particle radiusy^ap width). This 
suggests a wall effect of 1 % in the present apparatus.
More recently Vand (13) gave a different formula relating 
the true and.apparent relative viscosities of a suspension 
to the particle size and the dimensions of the co—axial
cylinder measuring system. This relationship leads to an 
expectation of errors of 2 % to 3% in the present apparatus 
which would result in a discrepancy of approximately 1% 
between data taken in the two measuring systems; a 
difference which would be difficult to resolve.
Graph 7 also shows results taken using a
Kheogoniometer with a 4° cone and plate system (a). The
normal stress measuring device was seriously affected by
solids concentrations greater than 7% and thus, although
no comparable disturbance to the tangential stress
measurements was observed,the limiting solids concentration
for this system was set at 7%- The cone plate data
showed negigible hysteresis effects until a critical shear
rate was exceeded when sample fracture occurred and fluid
was lost from the system. The shear rate at which this
occurred decreased with increasing solids concentration,
-1
but for the Rheoplex was always above 200 sec . The 
shear stress agreed to within 1 % or 2 % with those recorded 
using the co-axial cylinder device provided that sample 
fracture did not occur. This is a severe test of the 
absolute calibration constants of both devices and such 
agreement is very satisfactory.
The tests were repeated using Ballatini and the 
results were similar to those for Kallodoc to within the 
accuracy of the apparatus. Because of the different 
densities of the glass aijd the Rheoplex the tests were 
more difficult and settlage was a problem since 
settlement times and de-aeration times were comparable.
Thus in the absence of major discrepancies the Kallodoc 
results are to be preferred.
(7.3) Review of Existing Data:
Einstein first dealt explicitly iwith the theoretical 
problem of a dilute suspension of solid spheres in a 
linear fluid and derived the equation:
\c ' I  (' + e'5C»)
The derivation of this equation (Landau and Lifshitz ) 
assumes that the solids are non-interacting, so that
the perturbation to the flow associated with each 
particle may be summed to find the overall effect. The 
result is that the proportional increase in viscosity 
attendant upon a given concentration of solid particles 
is a function only of the volume fraction of the solids (Cv).
In order to extend the range of solids concentrations 
at which this type of formula is valid a variety of other 
relations both between ^  and Cv and between the fluidity 
and C v have been proposed from theoretical and empirical 
arguements. Rutgers (to) presents a complete if uncritical 
review of these relations.,. It is not necessary to consider 
the relative merits of these relationships here, it is 
sufficient to establish a scale of comparision between past 
results and the present data, first for Newtonian fluids 
and then, if possible for non-Newtonian fluids. In the 
case of suspensions in Newtonian fluids at medium or low 
solids concentrations, and in flow conditions which are free 
from serious turbulence effects many of the proposed 
formulae reduce to a power series in the concentration (Cv) 
so that the effect upon viscosity of monodisperse solid 
spheres may be represented by:
V  l o O  +  + /,Cv* + ' v -  ■ )
where k is a constant independent of Cv which represents 
the hydrodynamic disturbance due to the solid particles 
and is generally found to be 2.5. The effect of particle 
interactions is represented by the second and higher 
powers of C v and the coefficient A has been reported to 
hold values which range from 5 to 1^ .
Alternatively the effect of a given concentration 
of solid particles may be expressed by a relation of the 
form:
V - h ('+ K )^-
where K(cv) is a function of Cv and includes the effects 
of particle interactions. The value of K(cv) will in 
general increase with Cv but may be expected to have a 
value at low solids concentrations similar to the Einstein
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coefficient.
This type of relation has been preferred here 
because the variation of Ktc*) with Cv contains the same 
information as would be contained in a series expansion, 
but in a form which is more convenient when attempting 
to generalise the relationship to deal with the flow 
properties of non-Newtonian systems.
while for comparison curve 2 shows the result of plotting 
Einstein's formula in which K(cy) is a constant equal to 
2.5 although this relation is not intended to apply to 
Volume concentrations in excess of 1 to 2 percent.
measurements made in this research using Rheoplex 641 
with Kallodoc particles as the suspended material. In 
order to assess the accuracy of the present data for 
Newtonian suspensions several of the results shown earlier 
(in graph l.l) are replotted in graph 7*2 as curves 3 to 7• 
These results were selected because the particle sizes 
were similar to those employed in this work, although in 
general the viscosity of the liquid phase was lower. For 
purposes of comparison it seems likely that the measurements 
of Eveson (/3) and Higginbotham (/4) are most suitable 
because of the particle sizes used and the care which was 
exercised in preparing the test materials. Curve 8 has 
been taken from the review by Rutgers (<l ) who considered 
a wide range of experimental data for different Newtonian 
systems. Although the results show a considerable variation 
and are derived from the work of many different authors 
Rutgers has simply averaged the measurements to obtain the 
"average sphere" curve shown here.
: The results found for Rheoplex (curve l) are
somewhat higher at low values of Cv than might be 
expected from the literature, the value of K(cy) being 
2.9 at Cv = 1% (compared with the Einstein coefficient
In graph 7*2 values of K(cy) given by r
have been plotted against solids concentration using 
experimental data from a number of different sources,
Curve 1 shows values of K(cv) which derive from
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GRAPH 7.2 The variation of K(c^) with Solids
Concentration for various Newtonian Systems.
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of 2.5 a"t low concentrations) and increasing steadily to 
4.0 at a volume concentration of 10%. However the results 
found for Rheoplex are in reasonable accord with the 
measurements of Eveson, Broughton, Vand (whose results 
began with 10%) and Ward, at the higher values of Cv where 
the measured effects are more pronounced and less prone 
to errors. The present data are subject to overall errors 
in the order of $1% which would result in uncertainties 
approaching 20% in the calculated value of K(cy) if all 
the errors were additive. However the uniformity and 
reproducibility of results for Rheoplex,shown in curve 1 
of graph 7*2^suggests that there are systematic errors in 
the speed and torque measurements which apply to both r^o 
and and which result in a tolerable accuracy for KCc^ ) 
which is better than would be expected from the absolute 
accuracy of the measurements.
appear justified.
(a) The present apparatus and experimental technique is 
capable of returning results which compare satisfactorily 
with past data for Newtonian systems.
(b) Wall effects in the apparatus are small and within the 
spread of experimental errors from other sources. This
is consistent with past data in co-axial cylinder systems(5-f)
(c) Past experimental data^indicates that the effect of 
a given solids concentration depends upon the particle 
size distribution and not the absolute particle size. (IS )
(d) In agreement with present data, suspensions in linear 
fluids have been generally found to be linear up to volume 
concentrations of 10% or more.
(e) A volume concentration of 10% has been taken as the 
limit for non-linear fluids in a co-axial cylinder apparatus 
since higher solids concentrations may be expected to 
result in second order solid/solid interactions.
(f) The value of the coefficient K(c*) of the concentration 
in the relation:
j
Upon the basis of past and present results on a 
variety of measuring systems, certain general conclusions
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is a function of solids concentration and increases from 
2.8 at Cv = 1% to 4.0 at Cv = 10% in Rheoplex; which, is 
in reasonable agreement with past experimental data.
(7.4) Results for Suspensions in Pseudo-Plastic Liquids:
(7.4.1) PIB Solution: Results have been taken using a
solution of 10% PIB in Tetralin and the flow
characteristics of suspensions having solids concentrations
of 0, 1, 2, 3, 5, 7 and 10 percent of Kallodoc and
Ballatini have been measured in the range of shear rates
—  1from 0.6 to 200 sec . The resulting flow curves for
Cy =0, 2, 5* 7 and 10 percent suspensions of Kallodoc
are plotted on linear scales in graph 7.3,with part of
the same information on enlarged scales in graph 7.4.
The complete characteristics are shown on logarithmic axes
in graph 7*5. The curves show that the affect of
increasing the solids concentration is to produce a widely-
spaced family of flow curves similar in general form to
the flow curve for the base solution, but spread out along
the shear stress axis. The increase in shear stress
corresponding to a solids concentration of 10% was found
_ ^
to be 40% at 100 sec . By visual inspection the 
logarithmic flow curves appear as a set of parallel lines 
displaced to higher shear stresses as Cv increases.
Similar effects have been found for suspensions containing 
Ballatini. An analysis of the affect of solids 
concentration is given later, but initially it is 
desirable to consider the accuracy of the measured data.
To assess the absolute accuracy of the measurements 
it is necessary to compare results recorded for the 
suspensions, in the two co-axial cylinder systems, and 
(with some reservations) the cone plate apparatus, since 
although the equipment has been calibrated using a 
Newtonian material,end effects and shear rate corrections 
must be applied when testing non—Newtonian materials and 
the accuracy of these corrections cannot be determined 
by calibration.
(a) For a given sample of suspenion the difference between 
results taken at increasing and decreasing speeds may
?0
GRAPH 7.k Detail from graph 7-3 Showing the Flow Curves 
of* suspensions in PIB at Low Shear Rates.
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differ by as little as 1% provided that the results are 
collected rapidly. This corresponds approximately to 
the limiting resolution of the apparatus, being of the 
same order as the cyclic variations in measured torque 
which occur with non-uniform rotation of the apparatus. 
Permanent changes in the viscous properties occurred if 
the measurements were taken after a long period of 
shearing. The points shown in the graphs represent the 
average of results taken at increasing and decreasing 
speeds.
(b) Successive samples from the same bulk mixture gave 
results which showed random variations of the order of tl% 
of the shear stress at a given shear rate. This spread 
reflects the difficulty of maintaining the samples 
homogeneous, mixed and de-aerated. Only with great care 
could this degree of reproducibility be achieved.
(c) A comparison between the flow curves recorded using
the A and B systems should reveal systematic errors involving
wall effects, but end corrections form a different proportion
of the measured torque for these two systems and this
together with the different shear rate corrections which
must be applied makes the comparison a more general one.
For PIB the A and B systems agree to better than 2% of the
- 1
shear stress in the shear rate range 3 to 150 sec
Below 3 sec’  ^ the stress recorded in the B system was
greater than that recorded in the A system. This may be
due to inaccuraces in the measurement of end effects since
end corrections were proportionally greater in the B system
-1
than with the A cylinders. Above 150 sec the B system 
results tend to be low. This may arise because of errors 
in the shear rate correction (C^) or because of Weissenberg 
effects which change the effective depth of liquid above 
the inner cylinder and thus alter the end correction at 
the top. The total discrepancy is in all events small 
and only just significant when compared with variations 
due to different samples.
(d) Comparison of the co-axial cylinder data with that 
from the cone plate apparatus should reveal errors in the 
shear rate correction and end corrections, but it is only
98
applicable to the pure solutions. When using PIB the 
Rheogonioraeter appeared to show a slightly higher shear 
stress than the A system for a given shear rate but the 
tendency is hardly significant because the data was 
itself only consistent within 1% to 2% of the stress 
reading. The comparison between cone plate and co-axial 
cylinder measurements could not be applied to values of 
Cv greater than zero with confidence, since migration 
effects were considerable and occurred very rapidly in 
the cone plate device.
Thus the overall,absolute, accuracy of the co-axial 
cylinder system as used with PIB was of the order ±l%to±2% 
depending upon the value of Cv,the errors being due to a 
number of factors. The accuracies have been expressed as 
percentages of the measured stress because in general the 
shear stress was the dependant variable.
When analysing the variation of the viscous 
‘properties with solids concentration it is the relative 
accuracy of the data taken using a given measuring system 
that is important. The relative accuracy should be 
significantly better than the absolute accuracy because 
errors in the shear rate corrections,and in the end 
corrections necessary at given rates of rotation, are 
likely to be common throughout the measurements. However, 
it is even less easy to estimate the level of accuracy 
inherent in relative measurements.
i
(7.4.2) Polyacrylamide Solution: The PA solution was used
at three concentrations of the polymer in water 2%, 3%
and 5% PA by weight. The three materials together cover
a wide range of shear stresses within the shear rate
_ \
range 0.6 to 200 sec . The complete flow characterxstics 
for the yA solution are presented in graph 7*8 and on a 
larger scale in graph 7«7i while graph 7-8 shows the 
same results plotted on logarithmic axes. Graph 7•9 
shows a combined result for the other PA solutions the 
curves being for Cv = 0  and C v = 10% in each case. This 
presentation has been used because the results did not 
suggest a significantly different dependence of flow
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properties upon solids concentration than did the 3 % PA 
solution; while in addition the normal stress data is 
either incomplete or of low accuracy for the 2 %  and 3 %
PA solutions. The results summarised in graphs 7.6, 7 .7 , 
and 7 . 8  are comparable with graphs 7 . 3  to 7 . 5  for PIB and 
show the effect of Kallodoc concentrations of 0 , 2 , 5 * 7 
and 10 percent, data points again being plotted for the 
A and B systems and the k ° cone and plate apparatus.
The significant feature of these results is that 
the change in shear stress associated with a given solids 
concentration is very much less in all the PA solutions 
than was the case in PXB. The family of flow curves 
produced by varying Cv are similar in form to that of the 
base solution but relatively close together. The 
percentage change in shear stress associated with a 1 0% 
solids concentration is only 7% at 100 sec'*’1. The results 
for 3 %  and 2 % PA shown in graph 7*9 likewise show only a 
small change in viscous properties associated with given 
variations of solid concentration as compared with the 
effects observed in PXB.
The accuracy of the data must again be judged by
a comparison of the A and B systems and the cone and
plate data. The difference between the A and B data was
found to be of the order of 1 % of the shear stress for the
—  1pure solution within the shear rate range 0 . 6 to 100 sec 
At higher shear rates (above 130 sec ) the difference 
increased steadily to 3 % of the measured shear stress at
_ 1
200 sec the B system results being consistently lower 
than those obtained in the A system. This is less 
satisfactory than in the case of PIB and since end effects 
represent a similar proportion of the total measured 
torque in each case it was considered that the discrepancy 
was probably due to inaccuracies in the calculated average 
gap shear rate. The value of the logarithmic flow index n 
for the 3 % PA solution was 0.22 so that the correction 
'factor CR for the B system was 1.19*
The inaccuracies lead to some overlapping of the 
flow curves recorded using the A and B systems, so that 
the absolute values obtained do not yield the clearly
defined results obtained with PIB. However when data 
taken using the A system was analysed to show the 
fractional (or relative) effects of a given solids 
concentration upon the flow properties; it was found 
that the results were comparable with those obtained 
from data taken in the B measuring system, (see graph 7«l4)
(7.4.3) S.C.M.C. Solution: Graph 7*10 shows the complete 
characteristics for SCMC solution with part of the same 
information on an enlarged scale in graph 7.11, while the 
complete characteristics are shown on logarithmic axes 
in graph 7»12.
The results are similar to those for PA solution;
the shear stress increases with Cv but not as obviously
as PIB. In this case a solid concentration of 10%
resulted in an 11% increase in the shear stress recorded 
-1at 100 sec . The results of A, B and cone plate systems 
were in good agreement for the pure solution and in 
reasonable agreement for values of Cv up to the 7% 
maximum used in the cone and plate apparatus.
The results did not show the same changes with time 
of shearing which were observed when using PIB and PA 
solutions. This was ascribed to the apparent absence of 
migration effects in both cone plate and co-axial cylinder 
systems when using SCMC. In this case the comparison 
between co-axial cylinder and cone plate results should 
-be more reliable and the results obtained justify this 
view.
The value of C* was 1.10 for the B system which is 
significantly less than that with PA. Perhaps because of 
this the agreement between A and B system data for the 
pure solutions was very good representing only 1% of the
shear stress.
The small magnitude of the changes produced by a 
given percentage of suspended solids made interpretation 
of the data less clear and less accurate than for the 
suspensions in PIB solution.
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(7- 5) Analysis of "the Non-Newtonian Flow Results:
It is not possible to use the formulae developed 
for Newtonian materials in the analysis of the non-Newtonian 
flow data without arbitrary assumptions concerning the 
appropriate viscosity to be inserted in the equations.
This has been attempted by Haddad—Louis {5 6) who used 
the steady rate viscosity at 1.0 sec"\ but it is clearly 
unsatisfactory and in this section an attempt has been 
made to assess qualitatively the situation for a suspension 
in a non-Newtonian medium using the assumptions of the 
classical theory but without any pretension of 
mathematical rigour.
(7*5*1) Consider a solid inclusion in a uniformly sheared 
material. The affect of the solid (sphere) is to reduce 
the volume of material which may be deformed. This will 
locally increase the shear rate (or rate of deformation)
'of the surrounding material if the perturbation of the 
flow resulting from the solid sphere is to be zero at 
infinity.
If other solid particles exist elsewhere in the 
sheared material their separate effects will also be to 
increase the shear rate in their vicinity, but provided 
that the particles are sufficiently far apart so that the 
perturbation introduced by each sphere is effectively 
zero at the location of the adjacent spheres, then the 
effect due to any number of spheres will be additive.
In these conditions the absolute sizes of the 
particles are not important since they are quite separate 
and thus the system is unsealed. The additive effect of 
the particles will depend only upon the total volume 
concentration of particles present. Thus macroscopically 
the actual shear rate may be replaced by an equivalent 
shear rate which depends simply upon Cv.
It is from these assumptions that Einstein's 
theory yields the result :
I - 1 1 ' *  2 5L)
The assumptions fail if the particles are not inert
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(i.e if they contribute in any positive way to the total 
energy dissipation) or when the volume concentration 
increases so that the effect of a given particle is still 
significant at the location of the adjacent particles.
In addition, when particles come into physical contact 
the relative particle sizes and the duration of the 
contact will determine their average effective volume.
This will in general exceed Cv because of fluid isolated 
at or near the contact points. Such considerations lead 
to more complex equations of the type suggested by 
Roscoe (lb) and more recently Mason (£3) who has clarified 
the mechanics of doublet formation by his elegant studies 
of particle/particle interactions.
When considering a solid spherical particle in a 
non-linear pseudo-plastic fluid the presence of the sphere 
will again perturb the existing shear flow in the vicinity 
of the particle. As before the perturbation must vanish 
at infinity so that the effect of a solid particle is to 
locally increase the shear rate present in the liquid.
If further solid spheres are added to the fluid 
the actual shear rate present in the material will be 
modified by an amount which is a function of the volume 
concentration of solids present, provided that they are 
well separated and inert.
Thus, in this case also, it is reasonable to 
conclude that the shear rate will be increased by a 
simple function of the volume concentration. The value 
of the quantity which is analogous to K(c^ l and which 
summarises the effect of a given solids concentration may 
not be the same as that found for a Newtonian material, 
indeed because of the greater shear rate gradient which 
may develop in a pseudo—plastic material (c.f. pseudo- 
plastic flow in tubes) the effect of a given volume of 
solids might be expected to be less than that found in 
Newtonian materials, where K(cv) has commonly been found
to lie between 2.0 and 4.0.
Thus when attempting to analyse the experimental 
results obtained with the pseudo—plastic materials it is 
plausible to generalise the relationship:
- 110 -
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for materials which do not possess a unique value of 
viscosity by considering the variation of 0§')ocwith D and 
Cv and (^F^^with S and C Y . Of these quantities (jjr) 
might be expected to be particularly interesting since the 
qualitative argument given above indicates that this ratio 
should vary in a simple fashion with Cv if the solids are 
inert and contribute only as a dead volume of rigid 
undeformable material.
The result of plotting values of derived from
the experimental data of section 7 is shown in graphs 7*13, 
7«l4 and 7»15 for the materials PIB, PA and SCMC 
respectively, while the equivalent results for are
given in graphs 7*^6, 7 17 and 7*lS» In these graphs the 
variation of 0 0  has been plotted as a function of S 
while 0 Q  has been shown as a function D. This 
presentation has been used because it is unequivocal, 
and there seems to be no reason to take D or S as the 
preferred variable, (indeed because D and S are related by 
the form of the flow curves the two presentations contain 
identical information.)
These results lead to the following conclusions:
(a) Within the experimental accuracy of the apparatus the
ratio (§ro) is a scalar function of concentration only.
The range of shear stresses at which the value of this
ratio may be calculated is limited and at very low values
of shear stress the results cannot be guaranteed because
the calculation relies upon an extrapolation of the
logarithmic flow curves. Thus below a shear stress
-1corresponding to approximately 5 sec the results are 
merely best estimates from the data. This conclusion is 
less certain for PA than for PIB or SCMC because the flow 
curves for PA,produced using the A and B cylinders, do not 
agree as closely as do the curves for PIB. However 
although the flow curves for PA overlap in some cases the 
results of the ratio 0 0  calculated separately from the 
flow curves taken using the A and B cylinders agree quite 
well and in graph 7 , l k for PA the points (©) derive from
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measurements made in the A system while the points (+) 
were taken using the B system.
(b) The magnitude of the effect produced,by a given volume 
concentration of solid spheres, in PIB is very much greater 
than that produced in any of the PA solutions or the SCMC.
Because the value of (i^ ) is a constant independant 
of S (or D) it is meaningful to consider the variation of 
05*) with concentration only, and in graph 7 . 1 9  the values 
of 0^) have been plotted as functions of C^ for PIB,
3% PA and SCMC. The considerable difference between the 
results for PIB and for the other pseudo-plastic materials 
is quite clear, 0 Q  being 0.37 at a solids concentration 
of 10% in PIB compared with 0.75 io. PA and 0.70 in SCMC.
This difference is quite beyond the limitations of accuracy 
of the apparatus, and is clearly significant when compared 
with the differences between the results obtained using 
PA and SCMC.
The function (*) shown in graph 7 * 1 9 for the 
pseudo-plastic fluids is formerly identical with (7+ wy.cj 
for Newtonian materials (where K(cv) was shown in graph J . 2 ) ,  
To provide an indication of the scale of the effects in
i
the pseudo-plastic materials a curve of (i+ kCJ.Cv) ^or the 
Rheoplex has been drawn in graph 7 »1 9* It is interesting 
to note that the change in the viscous properties of PA 
and SCMC as judged by the variation of (■§„) with 
concentration is of a similar order to that found in 
Newtonian materials, whereas the properties of PIB change 
much more rapidly with solids concentration.
(c) The ratio 0^ *) is a function of both D and Cy. Changes 
in this ratio with D amount to 30% for PIB, 20% for PA
and 25% for SCMC. The magnitudes of these variations are 
themselves significant compared with the known experimental 
errors, but in addition the variations are systematic 
since (i) de creases steadily as D increases.
’ ftL. -ce. ax: •
(e) An alternative statement of the results detailed above,
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Concentration for the Pseudo-plastic Liquids.
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may be obtained from the logarithmic flow curves shown 
in graphs 7-5, 7.8, and 7.11.
If S = aDn i.e. the fluid is adequately 
represented by a power law flow curve over a range of 
values of shear rate then :
Sa - aD^- for C v = 0
and S = d D n' for C v = C
Then at a given value of S :
aD* = aDn'aa-VT*31,
= a constant only if n = n'
This implies that a is a function of concentration 
only, while n is independant of the concentration. This 
may be seen in the logarithmic flow curves since the 
curves are substantially parallel for difference values 
of solids concentration.
-  120 -
CHAPTER VIII
MEASUREMENT OF NORMAL STRESS EFFECTS AS FUNCTIONS 
OF SOLIDS CONCENTRATION AND SHEAR RATE
(8 .1 ) Introduction:
Wien a fluid is subjected to shear flow there are 
nine possible components of the stress tensor, which may 
each take on values which are functions of the shear rate 
(or rate of deformation). As was discussed in chapter 1 
the stress tensor for a material in simple shear may 
normally be written as :
where•p = -p^ is the tangential stress, the variation of 
which with shear rate and solids concentration has been 
reported for the pseudo-plastic test fluids in chapter 7 -
stress effects with shear rate and solids concentration 
is considered. The cone and plate Rheogomiometer has been 
used to measure the integrated force normal to the plateof 
the apparatus and from this (p>( - paz) has been calculated. 
However the normal stress difference (p - p ) could not be
u * 3 3
measured directly in any apparatus which was available for 
use, and thus the present treatment of the problem is still 
incomplete. Past evidence has however indicated that the 
normal stress difference (p(| - pja) is small compared to
(p r- p ) in most polymer systems, so that it is the morec u iz
significant of the normal stress characteristics which has 
been examined. In section 8.3 new data is presented showing 
the variation of the normal stress difference (p|f - -pzg) 
with shear rate and the volume concentration of suspended 
solid particles. The insight afforded by these results 
into the properties of suspensions in pseudo-plastic 
materials is particularly interesting since the information 
results from different physical measurements to the 
tangential flow data of chapter 7•
In the present chapter the variation of the normal
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(8 .2 ) Experimental Technique:
The apparatus used was an R 16 Rheogoniometer 
equipped with a 4° cone of 5 cm diameter. The cone was 
truncated so that a minimum separation between cone and 
plate was maintained of 0 . 0 7 2 inches equivalent to 18 
particle diameters for the solids used. The Rheogoniometer 
used was at the Shawbury laboratory of the Rubber and 
Plastics Research Association and had been extensively 
tested and carefully calibrated.
The test suspensions were prepared from the same 
bulk polymer mix which was used for tests of the 
tangential flow properties in the co-axial cylinder apparatus. 
Samples were made up to the desired solids concentrations 
and stored in sealed containers so that the only 
preparation necessary at R*A,P,R.A. was remixing before 
use.
The samples were placed in the apparatus and any 
excess material was removed after which the measurements 
were taken using the shortest possible running time, by 
setting the desired speed at the gear box and engaging the 
magnetic clutch, thus bringing the apparatus to speed very 
quickly. A chart recorder was available and was used to 
indicate when the torque and normal stress readings had 
become constant following the starting transients. When 
the reading had stabilized a measurement was made using 
the dial indicator rather than the recorder.
A given sample of suspension was tested at 
increasing speeds with a return to a low (reference) speed 
after every increase so that any irreversible change in 
the measured torque or normal stress could be detected.
The sample was replaced when the difference between the 
first low speed (reference) measurement, and any subsequent 
reference measurement exceeded 3 % of the stress initially 
observed. In addition the tangential (shear)stress 
recorded for the suspensions was compared with the 
co-axial cylinder data. In general the normal force 
measurements were accepted if comparision with the reference 
tests showed less than a 3 % change and the associated 
tangential stress data agreed to within ± 2 %  of the
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co-axial cylinder results for the same volume 
concentration of solids.
—  1At high speeds (D > 120 sec ) a form of sample 
fracture was observed in which the recorded normal force 
fell rapidly with continued shearing, and sample material 
was lost from the cone plate gap at the highest rates of 
rotation. This effect increased in severity and occurred 
at lower shear rates, both as the solids concentration was 
increased,and as a given suspension was sheared for 
increased times. Considerable turbulence was observed at 
the. edge of the cone plate gap after shearing for an 
extended period of time and it was thought that this 
might be associated with the high solids concentration 
which has been observed to develop at the edge of the gap 
as a consequence of particle migration.
The combined effects of particle migration and high
speed sample fracture are shown in graph 8 . 1  for a set of
Kallodoc suspensions in PIB. The curves show the results
obtained at a series of increasing rates of shear using a
single sample of each of the suspensions,when results were
taken carefully and without undue haste (approximately
10 minutes running time for each characteristic). The
normal force recorded for the pure PIB was reproducible
and did not change appreciably with time of shearing, but
the other test samples (Cy>0) showed irreversible changes
in both normal and tangential properties with time of
shearing. Initially, at low shear rates, the normal force
increased with solids concentration but as the shear rate,
and consequently the duration of shearing, was increased
—  1the normal force fell until, at 180 sec , the order of 
the curves was reversed with the high solids concentration 
showing the lowest normal force.
This was associated with turbulence and loss of 
fluid from the cone plate gap, and thereafter if the 
shear rate was again reduced to a low value an 
irreversible change in normal force was apparent.
The combined effects of particle migration and 
sample fracture prevented this apparatus from being used 
with normal force developing suspensions at more than
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GRAPH 8.1 Measurements of Normal Forces in PIB Suspensions.
The effect of Particle Migration & Sample Fracture.
approximately 80 sec and in practice the measurements 
were restricted to the range 0 to 60 sec-1.
In all the test fluids including the Newtonian 
fluid Rheoplex the normal force reading became seriously 
disturbed when the solids concentration exceeded 7% t>y 
volume. The normal force fluctuated randomly and failed 
to re-zero when rotation was stopped.
Thus the measurements were restricted to the shear
— 1rate range 0 to 60 sec with solids concentrations of 
0, 2, 5 and 7 percent by volume. Even with these
restrictions the results had to be collected rapidly and 
the sample changed frequently, which lead to poor 
reproducibility compared with the tangential measurements 
made in the co-axial cylinder apparatus.
(8.3) Results of Measurements of Normal Force:
(8.3*1) Suspensions in PIB. Graph 8.2 shows a set of data
for PIB suspensions taken as indicated in section 8.2,
the reproducibility of the results being tested by
alternate measurements of normal force at increasing shear
_ \
rates and at a low reference speed (5*7 sec ). In this 
way the results are known to be consistent to better than 
3 %  but no absolute test of the normal force data is 
available. To obtain an indication of the performance of 
the normal force measuring system, the gap was filled and 
the lower plate displaced first upward, and then down, 
while the accuracy of the return to zero was noted. The 
percentage accuracy depended upon the sensitivity range 
of the servo-amplifier but was approximately ± 1 %  of the 
full scale deflection.
The experimental results show that the total normal 
force, and thus (p( - P2?) increases regularly with the
solids concentration at a given shear rate. The increase 
was a function of shear rate but for a given solids 
concentration (of 7%) the increase in normal stress was 
l k % at 30 sec-1. The solid lines in graph 8.2 show the 
average normal force in three separate test samples, while 
the maximum spread of the measurements is shown by the
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GRAPH 8.2 Normal Stress as a Function of Shear Rate
and Solids Concentration for PIB.
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limits . ( I ).
(8.3*2) Suspensions in PA Solutions: Graph 8 . 3  shows the
variation of normal stress with shear rate and solids
concentration obtained using a 3% PA solution as the
suspending medium. The results were very dependant upon
the duration and rate of shear,to which the sample was
subjected, and thus results were again taken in the range 
_ \
0 to 6 0 sec and 0 to 7% of solids.
. The effect of the solid particles was again to
increase the measured normal force at a given shear ratef
by an amount which varied with the shear rate but which
represented a l k % increase in normal force for the 7%
-1suspension at 50 sec . The effect was thus very similar 
in magnitude to that found in the PIB solution. The 
addition of glass Ballatini at the same volume 
concentrations did not produce results significantly 
different to those recorded using Kallodoc i.e. the 
measured normal force was the same within the experimental 
errors attendent upon servo system errors and migration 
effects, being some £ 2 % ,
Measurements of normal forces in the 2 % and 5% PA 
solutions were taken but were unsatisfactory due to 
faults in the normal force servo. However such results 
as were obtained were in general agreement with those 
found for the 3 % PA solution.
(8 .3 .3 ) Suspensions in SCMC Solutions: The normal force
produced by this material was found to be small compared 
with the normal forces jj^oduced in PPB and PA, although 
the tangential flow characteristics of all these materials 
were similar. This is shown for the pure solutions in 
graphs 2 . 1  and 2 .2, the results shown being in reasonable 
agreement with data reported previously (2 9 ).
Suspensions in SCMC did not exhibit the rapid 
migration effects associated with the cone plate viscometry 
of PA and PIB, which reduced the experimental difficulties 
experienced during measurements of normal force. The 
changes in normal force with time of shearing were
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GRAPH 8.3 Normal Stress as a Function of Shear Rate
and Solids Concentration for 3% PA*
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relatively small compared with those observed in PIB and
PA provided that the shear rate was less than 180 sec ^
so that sample fracture did not occur. Overall errors
in the normal force data, judged by the reproducibility
of measurements on successive samples, were less than
3 % of the measured stress and were due principally to
errors in the normal stress servo mechanism. Because the
samples were more stable it was possible to record a
complete set of data using a single sample of suspension.
The resulting family of normal stress characteristics
are. shown in graph 8.4 the. solid lines being drawn through
the marked points which are the average of measurements
on three samples, while the accuracy limits shown
represent the maximum spread of the results.
The change in the normal stress difference (p( - p^)
as a function of solids concentration was similar to that
found in PA and PIB, representing an increase of some l 6 %
- 1i n  the normal stress difference at 50 sec when the 
concentration of solids was changed from zero to 7%>
(8.3.4.) Suspensions in Rheoplex: Rheoplex was tested using
concentrations of 0, 2, 5 and 7 percent of Kallodoc
particles,and 2 % and 5% concentrations of Ballatini as
an additional confirmation of the observations. The
material was Newtonian, and in the absence of suspended
solids showed only a small negative normal force at high
_ ^
shear rates ( above 180 sec ) which may be attributed
to the effect of centrifugal forces. When the solids
concentration was increased to 7%, a small but consistent
positive normal stress effect was observed giving values
-2of (p - p ) of approximately 500 dyne centimeter . These */1 22
results must however be in some doubt since the presence 
of the solid particles clearly affected the functioning 
of the normal force servo, while the magnitude of the 
normal force is itself small.
(8.4) Analysis of the Normal Force Results:
In chapter 7*5 a qualitative arguement was advanced 
which suggests that the presence of solid inclusions
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GRAPH 8.4 Normal Stress as a Function of Shear Rate
and Solids Concentration for SCMC.
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in a flowing pseudo-plastic fluid would have an affect 
equivalent to an increase in the effective shear rate; 
while the relative magnitude of the viscous properties 
before and after addition of the solids might be expected 
to be of the same order as that observed in Newtonian 
liquids. A similar argument indicates that the normal 
stress developed in a suspension should be increased, 
compared with the liquid phase, in a way which is 
equivalent to an increase in the shear rate; where the 
change in effective shear rate would again be a simple 
function of Cv.
A calculation was thus made of the values of rfe )
/NS\ ' .
and of the data being taken from the graphs 8 .2 , 8 . 3
and 8.4.
The calculated values of (p§)NS are shown as functions 
of the normal stress differenc e (and thus of D0) in graphs 
8.3a, 8 .6 a and 8 .7a for PIB,3 % PA and SCMC respectively.
The errors inherent in the normal force data are of the 
order of 3 % and such an error could lead to an uncertainty 
of approximately f 155^  in the value of « However values
of y which have been calculated from the normal force 
characteristics and are shown as plotted points in the 
graphs 8 .5a, 8 .6a and 8 .7a do not show such a wide spread, 
which is reasonable, since the errors resulting from 
migration effects are systematic and tend consistently 
to reduce the measured normal force. In practice the 
spread of results of (IJ^was found to be of the order 
t k %  although this varied with solids concentration.
Within the limits of accuracy of the measurements 
the values of (^J^did not show any systematic change with 
normal stress difference (i.e.with shear rate), so that 
the value of appears to be a constant for a given
V
solids concentration, i
<:e- (ft)* = , ;
Calculated values of (rstfoj^as a function of shear 
rate (D) are shoim in graphs 8 .5b, 8 .6b and 8 .7b for 
PIB, 3 % PA and SCMC. The accuracy of this ratio is also 
uncertain but the values of show a continuous fall 
with increasing shear rate. This amounted to a change of
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2 0% for 3% PA at a solids concentration of 7%,a 
variation which was quite typical of all the materials 
tested. This is a large change even compared with the 
worst estimate of experimental errors while in addition 
the change is systematic which seems to indicate that.
■ f i i l  *
for the three materials tested.
The points shown (©) in graph 8 .6a and 8 .6b are
isolated results taken using 5% PA in water, and 5%
solids concentration. As noted before the results were
incomplete and unsatisfactory but did not alter the
general conclusions drawn from results using 3% PA solution.
Graph 8 . 8  shows the variation of as a function
of solids concentration, and is meaningful only if the ratio
is truly independant of shear rate. These curves have been
presented to show the magnitude of the changes produced by
the presence of solid particles and are most nearly
analogous to '(/ + Ifcj c„) ^or a Newtonian fluid in shear flow.
The analogy is not intended to be interpreted too literally,
but it is interesting to note that the proportional change
in the normal stress difference (p - p ) with solids*11 *22
concentration are very similar in magnitude to the 
proportional change in viscosity found for Newtonian fluids.
The broken curve (--) in graph 8 . 8  shows the value of
"ftV KfrXcv) taken from the tangential stress measurements 
for. Rheoplex, from which the similarity in response is
i
quite evident.
(8.5) Conclusions:
(8 .5 .1) The use of a cone plate apparatus for measurements 
of the normal forces developed in suspensions is not 
satisfactory. The results may be extremely unreliable 
when the normal forces are large, unless great care is 
taken in the experiments, however no alternative commercial 
apparatus is available.
(8.5.2) The ratio was a constant within the accuracy 
of the experiments for the range of shear rates from
1 to 6 0 sec”*, while [ —  ^  w a s a function of both solids
\ NSoJd
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GRAPH 8.8 The Ratio as a Function of. Solids
Concentration from the Normal Force data.
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concentration and shear rate, the value of the ratio 
falling continuously as the shear rate was increased, 
i.e.
(tl ■ /«•>.
(R), ■ sM).
(8.5*3) The effect of a given concentration of solid 
spheres was to increase the measured normal forces by a 
factor which was similar for all the materials tested, 
(representing a change of the order of 15% in the recorded 
normal force at a solids concentration of 7% by volume).
(8.5.^) The effect of a given concentration of solids was 
the same within the accuracy of the measurements when 
using either Kallodoc or glass particles having similar 
size distributions.
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CHAPTER IX
MEASUREMENT OF TRANSVERSE VISCOSITY
(9*1) Introduction:
When a non-Newtonian fluid is sheared the 
reistance to motion experienced by a solid particle 
moving through the fluid becomes uncertain and dependant 
upon the direction of motion of the particle relative to 
the streamlines of the primary fluid flow. The primary 
flow is defined in terms of the primary shear rate (D) 
and the resulting shear stress (p(i) , while the viscous 
resistance to motion in a direction parallel to surfaces 
of constant velocity, and perpendicular to the streamlines, 
has been designated and lias previously been shown (3 1 ) 
to be a function of the primary shear rate (D) using PIB 
solution.
.This problem is relevant to the present 
experimental results because the resistance experienced 
by a solid particle migrating along the annulus of a 
co-axial cylinder apparatus will determine the migration 
rate under given shearing conditions, assuming that the 
migration is not due to fluid secondary motion.
It was also thought that these tests might reveal 
some difference in the properties of PIB compared to the 
other pseudo-plastic solutions, a difference which could 
be used to explain the tangential flow behaviour of PIB 
suspensions.
The experiment has thus been carried out using 
5%, 3%, and 2% PA solutions, SCMC, PIB and Rheoplex, when
it was found that the non-Newtonian fluids all exhibit 
a rapid fall in transverse viscosity with increasing 
primary shear rate, there being only small differences 
between results obtained in the various solutions.
(9.2) Experimental Techniques:
Measurements were made in the co-axial cylinder 
apparatus using the A1 inner cylinder in conjunction with 
the glass outer cylinder. The width of the gap being
138
4.8 mm with a maximum uncertainty, due to lack of axial 
alignment of 2%. The primary rate of shear was calculated 
as described in chapter 4 but the actual rate of shear in 
the vicinity of a falling sphere may have differed from 
this by up to 5 % owing to uncertainties in the radial 
position of the spheres.
- 1The maximum primary rate of shear used was 75 sec 
since the wide annular gap necessary to reduce wall effects 
on the particles meant that a high angular velocity of the 
outer cylinder was necessary to produce moderate rates of 
shear in the fluid. Excessive cylinder speeds produced 
undesirable centrifugal effects and also resulted in the 
normal stress producing solutions climbing up the central 
cylinder, thus disrupting the fluid flow and trapping air 
bubbles in the annulus.
Measurements were made of the times taken for 
particles to pass between graduations marked at 1 cm
intervals on the outside of the glass cylinder. The
timings for each particle were made over two intervals 
arranged symmetrically above and below the centre of the 
inner cylinder to eliminate the effects of secondary fluid 
flow or other disturbances associated with the ends of. the 
cylinders. Records were made only for those particles 
which fell centrally through the annular gap, the radial 
position of the particles being established optically.
Light from a distant source falling at 45° to the vertical 
on the cylinders produced a shadow on the inner cylinder 
of a mark on the inside of the glass cylinder. A
template was made showing the vertical separation of the
mark and its shadow so that the vertical separation of a 
particle and its shadow could be used to determine its 
radial position. It was estimated that, for a 1 mm 
particle, variations in its radial position of ±0.5 mm 
could be determined with the outer cylinder in motion; 
while its initial and final radial positions could be 
estimated to within ±0.2 mm with the apparatus stationary. 
Steel spheres of diameters 2.00, 1.59, 1.00 and 0.79 mm,
— 7and density 7.6 g cm (Hoffman Bearing Co.) were used
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since they were readily observable and were easy to handle 
because of their magnetic properties.
in the co-axial cylinder apparatus both with the outer 
cylinder stationary and while rotating,and also in a 
vessel 10 cm in diameter so that the magnitude of* wall 
effects in the annulus could be determined for a 
stationary fluid.
(9*3) Analysis of the Results:
In the analysis of the recorded data it has been 
assumed that for the small perturbations of the primary 
flow pattern introduced by the falling sphere, the ratio 
of additional shear stress to additional strain rate is 
a constant and thus Stoke's law may be applied.
where a is the sphere radius, i? its velocity when falling 
across a primary shear flow of shear rate D and is the 
value of the viscous resistance experienced by the particle.
If this assumption is justified then ^  the transverse 
viscosity at a primary shear rate D should be independant 
of a. or V  . Unfortunately it is not possible to verify 
this directly since the rigid cylinders used to impose 
the primary shear rate introduce a wall effect. The 
additional reasonable assumption was made, that the 
fractional reduction in velocity of a sphere of given 
radius due to the walls is independant of D. For a
stationary fluid the walls reduce the velocity by k 0 %  for
the largest spheres and by 8% for the smallest so that
errors in this assumption are unlikely to be serious for 
the smaller spheres. With these assumptions the ratio 
will be equal to 2^ ° and should be independent of the ^ t0 
particle radius and be a function of D dlone. ^ and ^
are the viscosities calculated from Stoke1s law for 
particles falling in the annular gap with primary shear 
rates D and zero respectively while )^tD and |toare the 
corresponding quantities in the absence of wall effects.
The terminal velocity of the spheres was measured
1^0
Preliminary calculations indicated that centrifugal 
effects would be small at the rates of rotation used, and 
this was confirmed in practice. However if the particles 
were initially close to either wall of the annulus (i.e. 
within approximately one particle diameter), then the 
particles move radially inwards or outwards towards the 
adjacent wall and cling there. In this condition the 
vertical velocity of the particles was very small. There 
was no evidence of the rapid outward radial motion observed 
by Karnis and Mason. The times of fall recorded above and 
below the centre of the annulus did not show any systematic 
effect which could be identified with the axial migration 
of particles which has been reported elsewhere in this 
thesis. However it is probable that the accuracy with 
whic.li the velocity of the steel spheres- has been determined 
is insufficient to resolve such an effect. Xn practice the 
spread of times of descent for replicate measurements on 
spheres falling centrally through the annulus was similar 
for all sphere diameters and primary rates of shear and 
was within t 6 %  for the smaller spheres at the highest rate 
of rotation.
( 9 . k ) The Experimental Results:
The results obtained using PIB, 3% PA and SCMC are 
shown in detail in graphs 9-l> 9»2, and 9*3 respectively.
Graph 9 . k shows results taken both for 2 % PA and 5 % PA 
using only the smallest (0.79 mm) spheres, together with 
measurements for the Newtonian(silicone) oil also using 
the smallest spheres which should be least affected by 
the presence of the walls of the annulus.
In practice values of -^fcp derived from measurements
Vto
using the small spheres were found to be consistantly 
higher (by some 2 0 % ) than values derived! from measurements 
using the large spheres. This presumably indicates the 
presence of a wall effect which has not been eliminated 
by the treatment of the data, however the effect is 
relatively small and results from the two smallest sizes 
of sphere show quite acceptable agreement.
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It is clear from the graphs that the pseudo-plastic 
fluids all behave in a similar way when subjected to 
given primary shear conditions, and the tests do not 
reveal any major differences between the properties of 
PIB solution and the properties of the other fluids.
VJ1
The values of recorded for the test liquids
\'to
decreased rapidly with increasing shear rate at low shear
_ i
rates; but above approximately 30 sec the transverse 
viscosity became only a slowly changing function of the 
primary shear rate. Thus the table below shows values of 
this quantity measured at 50 sec using data from the 
smallest spheres together with the approximate values of 
^ t0 derived from measurements in a large mass of liquid.
PIB 2 % P A
1----"..
j 3%PA . 5 % P A SCMC OIL
T W
^Ito •
to . 2h i . 2 7
.| ______
• to O . .29 = 1 . 0
h. 1700 170 | 1800 2 1 0 0 2 20 0 1 2 . 5
Table 9 . 1
There was no obvious correlation between the value
*1 ta>of and the degree of non-linearity of the tangential
lfc°
flow characteristics of the materials,although some
connection between the flow curve and the degree of
anisotropy of the fluid when sheared might be anticipated.
Certainly in the limiting case of a Newtonian fluid there
was no evidence of any significant dependence of transverse
viscosity upon the primary shear rate.
The resistance to motion experienced by the test
particles was such that it could not have been predicted
directly from measurements of the tangential flow
characteristics of the materials. The measured transverse
viscosity was approximately twice the steady rate viscosity
for the fluids, and up to ten times, the incremental
viscosity fit'2 i.e. the effect of a superimposed 
d D
transverse motion was not equivalent to the superimposition 
of a small shear rate upon the existing primary shear rate.
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CHAPTER X 
REVIEW AND DISCUSSION
(10.l) The validity of the co-axial cylinder experiments 
as applied to suspensions seems to be confirmed by the 
excellent agreement which has been found between 
measurements made in the two co-axial cylinder systems 
and the cone plate apparatus when testing suspensions in 
Newtonian liquids.
When testing non-Newtonian suspensions the 
agreement between the two co-axial cylinder systems was 
less satisfactory and varied with the test material, 
however the differences may reasonably be explained as 
a combination of several factors.
•(10.1.1) End Effects. End effects represent an error of 
up to 2 5% of the recorded torque and since the correction 
is different both for different fluids and the A and B 
measuring systems, the correction must be applied with 
great care to maintain acceptable accuracy in the final 
results.
(10.1.2) Shear Rate Correction. This correction was 
necessary because of the finite width of the annular gap 
and is known to improve the agreement between the flow 
curves recorded using the two co-axial cylinder systems 
and the cone plate apparatus, when testing the pure polymer 
solutions.. However no direct confirmation of the accuracy 
of this correction is available when using suspensions; 
indeed the correction was calculated for the pure solution 
and it was assumed that the same correction would apply 
to the suspensions. This seems justified in practice 
because the logarithmic flow index for the suspensions was 
very similar to that found for the liquid phase. Also, 
the results of calculated separately from the A and B
system data compared tolerably well.
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(10,1.3) Wall Effects. The present data for Newtonian 
fluids and suspensions indicates that wall effects are 
negligible, which is in agreement with past experimental 
conclusions. It should not be assumed that the same 
result applies to non-Newtonian suspensions, however 
because of end effects and shear rate corrections it has 
not proved possible to distinguish wall effects as a 
significant separate factor.
(10.2) Results of Tangential Flow Measurements:
The experimental errors referred to above together 
with random variations in the properties and homogeneity 
of the test suspensions resulted in errors which in 
practice were estimated by considering the reproducibility 
of the measured results. The errors were approximately t <t% 
of the measured shear stresses for the pseudo-plastic 
materials using the co-axial cylinder apparatus.
For each of the non-Newtonian systems tested the 
experiments reported here indicate that within the overall 
accuracy of the data :
/a\
' a Cv only.
while ■ 60, varied systematically with both D and C^ .
The values of (■§■)» decreased both as the rate of shear 
increased,and as the solids concentration decreased.
This is essentially an empirical result but it 
provides some justification for the qualitative theoretical 
argugment advanced in section 7 . 5  which indicates that 
should be a simple function of Cv. Thus when attempting 
to formulate a relation between the viscous properties of 
a suspension in a pseudo-plastic material and the 
concentration of the suspended solids; it would seem 
most appropriate to consider a relation between the shear 
rates and the concentration, rather than to use values of 
some arbitrarily chosen viscosity.
In the work of Haddad-Louis it is hardly surprising
_  ^
that the steady rate viscosity (evaluated at 1 sec ) fits
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an Einstein type of relationship because the flow 
properties of the suspensions were substantially Newtonian, 
indeed it is surprising that the restriction to a specified 
shear rate is necessary. The results of the present reseach 
could presumably be presented in a similar form with a 
suitable choice of shear rate which would depend upon the 
material.
The relative effect of a given solids concentration 
was assessed by the variation of because this quantity
was found to depend unambiguously upon C v . It was found, 
for 3 %  PA, 3% PA, 2 % PA and SCMC, that the value of 
showed a similar dependence upon the volume concentration 
of solid particles (see graph 7 *1 9) and that the value of
) for these liquids was of a similar order to that found
1 /i>\for the function (j +  K(c„) Cv ) ~ \^J w^en testing suspensions in 
Newtonian fluids.
By comparison suspensions in PIB gave a value of 
which would result in a value , of the coefficient of 
Cv,(which is analogous to K(cv) for Newtonian systems) of 
approximately l6 at a solids concentration of 10%, i.e. 
the effects upon PIB of a given concentration of either 
glass or Kallodoc particles was very much greater than the 
same solids concentration in any of the other test fluids.
The tangential flow characteristics of PIB were very 
similar to those of SCMC and PA solution, and thus the 
form of the flow curves does not appear to offer any 
explanation for this very obvious effect.
(10.3) Measurements of the Normal Stress Difference (p - p ):
Use was made of a cone plate measuring system for 
the measurements of normal force, and the standard of
accuracy and reproducibility was poor due to particle
i
migration and the effects of sample fracture which made 
the experiments difficult. However it was clear that all 
the pseudo-plastic materials tested reacted in a similar 
fashion to a given solids concentration. The very large 
difference between the results of tangential stress 
measurements in PIB and the other fluids were not observed
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in the normal stress measurements.
It was found that the value o f m e a s u r e d  from 
the normal stress, rate of shear characteristics appeared 
to be a constant independant of the normal stress difference 
(and therefore of D). This conclusion was less certain 
than the analogous tangential stress result but the ratio 
0^ )r<sWaS certainly less variable than 
i.e. from the normal stress data :
( = a function of Cv only.
s i  *  - I ' M -
/ns 
V
which is formally identical with the results of the 
tangential stress measurements.
The SCMC appears to give lower results of than
the other materials tested (see graph 8.8) but the absolute 
value of the normal force generated by SCMC was very much 
smaller than that recorded for PIB or PA, and thus the 
difference in the values of (J)NS may be due to errors in 
the normal force measuring apparatus.
The dependence of the ratio upon Cv was similar
to that already found for the tangential properties of PA,
SCMC and the Newtonian suspensions i.e. the variation of
derived from the normal force data approximated to a
relation of the form 7 rTTTV where K(cJ would possess
0 +  KfrvjXv) y
a value of 3 or 4.
The difficulties experienced,due to particle 
migration, when testing normal force producing materials in 
a cone plate measuring system might be avoided by driving 
the cone in an oscillatory mode. If the migration is due 
to secondary fluid flows then it is possible that 
oscillatory motion might prevent the effect. However if 
the migration is due to the presence of a normal stress 
gradient, as has been suggested, then migration would still 
be expected; in either event the interpretation of 
oscillatory normal force measurements would be somewhat 
difficult.
(10.4) Results of Measurements of Transverse Viscosity:
The pseudo-plastic materials all exhibit anisotropy
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of their flow properties when sheared, as determined by 
the resistance to motion offered to a sphere penetrating 
the fluid parallel to the shear planes. The function 
derived in chapter 9 decreased from 1.0,to approximately
0.2 to 0.3 as the primary shear rate was increased. By 
comparison a Newtonian(Silicone) oil was substantially 
isotropic in that ( srj remained near to 1 . 0 at all the
rates of shear used.
These measurements were conducted using a
non-viscometric flow and thus their significance in 
absolute terms is difficult to assess. However, apart 
from the direct application to problems of suspension 
settlement in pipe flow, the results reveal a further area 
of similarity between the properties of the test fluids, 
in which PIB shows results comparable with those found for 
PA and SCMC. Thus again these tests do not suggest any 
explanation for the great difference between the PIB 
suspension results and those of the other pseudo-plastic 
liquids.
(10.5) The rheological properties of PIB and of the other 
suspending media PA and SCMC, have been compared in the 
absence of suspended solids, in a number of flow situations. 
In shear flow, all the fluids exhibited similar tangential 
stress characteristics, while the value of (p - p ) for 
PA, and PIB were also quite similar. Even in the complex 
flow situation described in chapter 9 all the test fluids 
behaved in a comparable fashion.
However there remains the very great disparity which 
has been observed between the tangential flow properties 
of PIB suspensions and suspensions of similar concentrations 
in the other tests liquids. The PIB reacted much more 
strongly to a given solids concentration,to an extent which 
seems to eliminate any possible combination of 
experimental (measurement) errors. The remaining 
possibilities of a solid-liquid interaction particular to 
PIB seems unlikely since both Kallodoc and glass particles 
behave in a similar fashion when tested, both in the
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cone plate and the co-axial cylinder instruments.
The conclusion therefore is that the effect is 
real but appears to be inexplicable in terms of the 
measured rheological properties of the liquids.
(10.6) .A Possible Explanation for the Observations in PIB:
In chapter 7-5 a qualitative argument was set out 
which indicated that the effect of inert solid particles 
in a sheared pseudo-plastic fluid would be to increase 
the effective shear rate in the fluid so that the resulting 
measured stress would increase by an amount equivalent to 
a shear rate increase in the base solution. This has been 
partially justified by the constancy of (£) with 
stress (and therefore shear rate) in both the tangential 
and normal stress measurements.
The values of 0 % )  as a function of Cv were found 
to fall broadly into two categories, one for the PA, SCMC 
and the normal stress measurements in PIB, and the other 
for the tangential flow properties of PIB. This seems to 
imply that there may be a common level of response due to 
inert spherical particles that is equivalent to a change 
in 00 such as has been found for the PA and SCMC 
solutions.
This suggests that the particles in PIB are not 
behaving as inert non-interacting spheres in accordance 
with the assumptions of 7 • and that a further energy 
dissipation mechanism is involved in the PIB results,
i.e. since a greater dependence upon C v has been found in 
the tangential properties of PIB it seems to indicate that 
the particles are contributing in a positive way to the 
energy dissipation per unit volume of suspension. Such 
an interpretation also seems reasonable since the normal 
stress effects (which do not represent an energy transport 
phenomenon in the same way as do the tangential stresses) 
increase slowly with solids concentration even in PIB 
solution.
Such a situation would result,if the solid spheres 
were swelling or becoming soft and adhering on contact 
thus forming a particle/particle structure. However both
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the Kallodoc and the glass particles produce large changes 
in the tangential properties of PIB, even at low solids 
concentrations where particle/particle interactions should 
be unimportant.
These results could also arise due to a turbulence 
effect. If, as the suspension is sheared the particles 
generate small eddies or vortices which diffuse across the 
flow streamlines an effective energy transport would 
result. Such a mechanism is assumed in the computer 
studies of Amsden, Harlow and others (57) who consider the 
diffusion of micro-turbulence as an energy transfer process 
comparable with the conventional treatment of viscosity as 
a momentum transport phenomenon. It is interesting to 
note that PA solutions share certain complex properties 
with the aqueous turbulence suppression additives of which 
Polyox is the best known, (e.g. the material is stringy, 
and when poured from a vessel is reluctant to stop flowing, 
it also appears to be highly elastic when agitated).
It seems reasonable to consider the influence which 
small additions of a known turbulence reducing additive 
(Polyox) would have upon the properties of a suspension.
A sample of the bulk SCMC solution previously tested was 
used since it possessed the largest value of K(cv) for its 
tangential characteristics found in the aqueous materials.
A solution of 1% Polyox in water was prepared,and 
the SCMC was divided into-two equal samples. To one 
SCMC sample was added a small quantity of the Polyox 
solution so that the final preparation contained 80% SCMC 
solution and 20% Polyox solution.
The tangential flow characteristics of this mixture 
were measured in the Ferranti Shirley cone plate apparatus, 
and the second SCMC sample was diluted with water until 
its tangential flow properties duplicated those measured 
for the first solution after the addition of Polyox.
Suspensions containing 10% of Kallodoc by volume 
were then prepared from both solutions, and the four 
resulting specimens were tested in the co-axial cylinder 
apparatus. The results are shown in 10.1 and it is clear
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15^
from the graph that the effect of Polyox is to 
significantly reduce the stress change (increase) associated 
with the addition of the solid particles. However the 
solution was unstable and the measured properties changed 
slowly if stored for several days, and thus to reduce the 
time necessary for the tests the results shown in graph 1 0 . 1  
have not been corrected for end effects. In short these 
tests are interesting but cannot be considered to be 
conclusive.
(10.7) Suggestions for Further Work:
(a) To continue the measurements of tangential stress for 
other systems, in particular to determine the effects in 
other organic polymer systems similar to PIB.
(b) To repeat these tests using similar volume 
concentrations of 50yt* diameter spheres and l^ Oyti diameter 
spheres. By analogy with the Newtonian case the value of
ft), might be expected to be independant of the absolute 
particle size. However the turbulence mechanism suggested 
above would presumably depend upon the number of particles 
and consequently the size.
(c) To continue the investigation of particle migration in 
Couette flow with particular reference to the normal stress 
gradient along the annulus.
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Particle Migration in Cone-plate Viscometry 
of Suspensions
V i s c o m e t e r s  w ith a cone and plate configuration are 
often used for v iscosity  measurements on non-Newtonian  
fluids, and for suspensions provided that a particle cone 
truncated near its open end is used. In  the latter case it 
has been assumed that radial m otion o f particles occurs 
too slow ly to  affect the accuracy o f th e measurements 
involved.
R ecently, however, while investigating the behaviour 
o f suspensions o f spherical particles in certain non- 
N ewtonian fluids using a cone and plate viscom eter, 
rapid radial migration o f the suspended solids was ob­
served at low  cone speeds (up to  40 r.p.m. corresponding 
to  a shear rate o f 184 sec-1). Significant migration was 
observed after shearing for only 5 min whereas centrifugal 
forces would require m any hours to produce comparable 
effects.
The apparatus used was a Ferranti-Shirley cone and 
plate viscom eter w ith a particle cone 2 cm  in radius and 
of 0-0228 radians gap angle. The instrum ent was modified 
to  accept a glass prism in place o f the lower instrum ent 
plate so that observations o f the distribution o f particles 
were possible during shearing.
Fig. 1 shows th e com parative effects o f shearing sus­
pensions o f ‘K allodoc’ spheres, about lOOfi diameter, in 
three media at 138 sec-1. The extended periods o f shearing 
produced only minim al effects on the distribution o f 
particles present in the control experim ents, while in the  
poly-iso-butylene a marked clearance o f the cone area is 
apparent.
Numerous tests2 on the poly-iso-butylene solution  
indicated certain general features o f the phenomenon. 
First the particles, in itially at a uniform concentration of 
9 per cent b y  volum e, fell into distinct circular rings o f 
high particle density ( ~  25 per cent by volume) w ithin  
seconds o f the start o f the shearing m otion. Second, 
the whole particle population (whether free or in the rings)
, migrated towards the outer edge o f the cone at a rate 
which increased w ith the rate o f shear resulting in com ­
plete clearance o f the cone area w ithin 20 m in at 30 r.p.m. 
(134 sec-1). F inally, in control experim ents using ‘Rheo- 
p lex’ and sodium-carboxy-methyl-cellulose no appreciable 
clearance resulted during long periods o f shearing (up 
to 60 min), thus directly elim inating centrifugal effects, 
or non-linearity o f the flow curve, as a primary cause of 
th is phenomenon.

A theory for the overall radial migration o f the particles 
has been developed in terms o f the effect on a single
f  d P 3 3  \particle o f the normal stress gradient ^ —  J  present in
a cone and plate system  during the shearing o f a  normal 
stress producing material such as poly-iso-butylene  
solution8. This approach led to a successful prediction of 
the overall clearance tim e and its dependence on the rate 
of shear; however, the mode o f formation o f the rings 
remains obscure, and is not accounted for b y  the present 
theory.
The effect o f the migration o f particles was to  produce 
a fall in the measured value o f the apparent viscosity  
o f the suspension b y  up to 10 per cent o f its  initial value, 
in the first m om ents o f shearing at a constant rate of 
shear. The pure solutions used as the liquid phases in 
th is work did not exhibit any such change o f apparent 
viscosity  w ith  tim e o f shearing and the entire effect 
resulted from particle motion.
Many materials w ith complex rheological properties 
show a similar drop in apparent viscosity  (at a constant 
rate o f shear) during the first m om ents o f shearing. For 
this reason, in work which involves suspensions and cone 
and plate measuring system s it is essential to  distinguish 
between changes in apparent viscosity resulting from  
transient effects in the base fluid and a re-distribution of 
the suspended solids.
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19 Migration of Particles in a Polymer 
Solution during Cone and Plate 
Viscometry
D. J. H i g h g a t e  a n d  R. W.  W h o r l o w
University o f  Surrey, London, U.K.
1. I n t r o d u c t i o n
Since they became available commerically some fifteen years ago viscometers 
using the cone and plate configuration have been widely used, finding applica­
tion in the study o f the tangential stresses developed in non-linear systems and 
polyphase materials. In addition many workers (for example Jobling and 
R oberts1, Adams and L odge2) have demonstrated that very large normal 
stresses may be generated in some materials during shearing. However, there 
appears to have been no evidence that the presence o f normal stresses may 
affect the results o f the more usual measurements o f tangential stress or o f  
viscosity.
In the course o f viscosity measurements in a cone and plate viscometer on 
suspensions o f K allodoc spheres in polyisobutylene solutions it was noticed 
that the shear stress at a given rate o f shear fell by some 10% during the first 
5 to 10 minutes o f shearing after which the shear stress remained constant. 
This effect was not observed with the pure solution. Since the suspensions 
were known to be stable when at rest it was thought that this fall in viscosity 
might be due to some redistribution o f the suspended particles and the in­
strument was modified as described in section 2 so that the particle distribu­
tion could be observed during operation o f the viscometer. A  rapid radial 
migration o f the suspended particles occurred which ultimately led to the 
transference o f  all particles to the periphery o f the cone. These results are 
described in section 3 together with the results o f control experiments on 
other suspensions in which migration was not observed. These tests show that 
centrifugal effects are not responsible for the migration and suggest that the 
normal stress generated in the PIB solution is associated with the migration.
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In section 4 the observed radial velocities are compared with those estimated 
from  an order o f magnitude calculation.
The apparatus used was a Ferranti-Shirley cone and plate viscom eter3 fitted 
with a ‘particle’ cone o f 2-02 cm radius providing a 1 gap angle and having 
a flat central area to give sufficient separation between cone and plate for the 
suspended particles. Figure 1 shows a diagram o f the apparatus modified so 
that a prism could be attached to the instrument, the upper face o f the prism  
forming the lower plate o f the cone and plate system. The prism is maintained 
in close contact with the actual plate o f the apparatus by the clamp shown,
F i g u r e  1 . Modification to Ferranti-Shirley viscometer for viewing sample.
this and the accuracy o f the prism serving to maintain the upper surface o f the 
prism normal to the axis o f the instrument. Figure 1 also shows the ‘O’ ring 
sometimes used to seal the edge o f the cone-plate gap in order to prevent dry­
ing out o f  the samples in the time required to set up the photographic equip­
m ent and lighting. While the ‘O’ ring did not affect the particle distribution 
observed it did alter the measured torque and was therefore used only when 
photographing the system.
A  35-mm single-shot reflex camera was used to record the particle distribu­
tion present, the camera being arranged to view the apparatus from the right- 
hand side so that a clear and undistorted view o f approximately half the cone 
area was obtained. The light source was placed alongside and at the same
2. E x p e r i m e n t a l  M e t h o d  a n d  M a t e r i a l s
P a r t i c l e  c o n e
Prism
Lower instrum ent plate
Prism
clam p
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level as the camera in order to reduce stray reflections, the light being intro­
duced into the cone-plate gap through the prism by means o f an angled glass 
slip.
The photographic technique employed involved the use of time exposures 
during which the cone completed between a quarter and half o f a revolution. 
The negatives thus obtained were of sufficient clarity and contrast to be 
examined using a photo-microdensitometer in order to record the particle 
distribution as a function o f radial position. Figure 2 shows a ring system first 
in m otion (A) and then stationary (B) a short time later when individual particles 
may be resolved. It clearly shows that the time exposure technique produces a 
record which may be interpreted directly in terms o f the particle distribution 
present.
F i g u r e  2. Ring system photographed while moving at 30 r.p.m. (A) and
stationary (B).
Graphs o f  shear stress against rate o f shear for the three materials used in 
this work are shown in Fig. 3. The non-Newtonian materials used consisted of 
a 10% solution o f polyisobutylene (PIB) (nominal M.W. 105) in tetrahydro- 
naphthalene and a 3% aqueous solution o f sodium-carboxy-methyl-cellulose 
(B 3 500 ,1.C.I. Ltd.) (SCMC).
These materials yielded non-linear flow curves having comparable gradients 
when plotted logarithmically, while the single point viscosity of the materials 
was also similar within the range o f rates o f shear used. The third material, 
effectively Newtonian at the rates o f shear employed, was a plasticizing agent 
Rheoplex 200 (Geigy).
Notwithstanding the similarity of their tangential flow characteristics the 
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F i g u r e  3. Shear stress as a function of shear rate: A, Rheoplex 200; B, SCMC
solution; C, PIB solution.
non-Newtonian test materials differ considerably in the magnitude o f the 
normal stress differences which they develop during shear. Adopting the usual 
notation for stress com ponents, Fig. 4 shows values o f  p w ~ p 22 derived from
'o
X
E
o
c
*o
CD
O
c
CD
CD
CD
O
E
o
25020050 100 150 ;
Rate of shear ( D  ser~1)
F i g u r e  4. Normal stress difference as a function of shear rate: B, SCMC solution;
C, PIB solution.
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measurements o f total thrust F  on the cone (radius R) o f a rheogoniometer 
using the expression4
2  F
P u  - P 22 -  ^
as a function o f rate o f shear*. The normal stress difference is greater with 
PIB solution by a factor o f about 8. The solid material used was Kallodoc 
(I.C.I. Ltd), an acrylic m oulding powder which was prepared by sieving and 
selecting particles in the size range 95 to 105 microns in diameter. Such par­
ticles were found to be spherical in form and free from defects, trapped air 
bubbles or major surface irregularities. They were unaffected by contact with 
the fluids used as tested by measurement o f suspension viscosity and settlage 
rate before and after storage.
3.  D e s c r i p t i o n  o f  R e s u l t s
The photographs in Fig. 5 show the face o f the particle cone viewed normal 
to its surface through the prism system. In this case the photographs show the 
results obtained when suspensions o f Kallodoc particles in three different 
liquids were sheared at a rate o f 138 s -1 equivalent to 30 revolutions per 
minute o f the cone.
Frames A  and B show a suspension in the Newtonian fluid Rheoplex 200, 
before and after shearing for 30 minutes. N o  unexpected results were ob­
served, the particle distribution remaining uniform. Frames C and D  show  
the result o f 30 minutes shearing o f a suspension in SCMC solution, where 
again there has been no significant redistribution o f the suspended particles. 
By contrast frames E and F show a suspension in PIB solution before and 
after only 5 minutes shearing. In this case a rapid radial migration o f the sus­
pended particles occurred which would lead to complete clearance o f the cone 
area in some 30 minutes. The process was accompanied by the formation o f  
definite ring structures o f high local particle density early in the shearing 
motion, ring structures which ultimately vanish with the general clearance of 
the cone area.
Figure 6 shows the effect o f continued shearing on a particle suspension in 
PIB solution. The photographs were taken after various periods o f shearing 
at 138 s -1 . This sequence o f photographs illustrates the rapid formation of 
the ring system and its gradual simplification and clarification as particles 
reach the edge o f the cone, a process accompanied by an increase in the width
* We are indebted to Mr. R. G. King of Sangamo Controls Ltd., for the rheogonio­
meter measurements.
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and density o f the edge zone, until the final frame D shows the system sub­
stantially clear o f particles.
Photographic sequences o f the type shown in Fig. 6  have been obtained for 
other rates o f shear and show similar effects except that an increased rate of 
clearance and improved definition o f the ring structure accompanies increases 
in shear rate.
A
E F
F i g u r e  5. Suspensions in various media before (left) and (right) after shearing at 
138 s _ 1 for various times: A, B, Rheoplex 200, 30 min; C, D, SCMC solution, 
30 min; E, F, PIB solution, 5 min.
While the overall effect in every case was the complete clearance o f the cone 
area, the motion o f the ring structures is itself o f interest. The ring m otions 
were observed photographically, records being made at short intervals so that 
the progress o f individual rings could be followed.
Figure 7 shows a system sheaied at 184 s -1 , 40 cone revolutions per 
minute, the frames having been taken at one minute intervals. In this case the 
rings marked with arrows have steadily increased in radius.
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C- D
F i g u r e  6 . Form of ring systems after various times of shearing at 138 s -1 : A, 
5 min; B, 11 min; C, 15 min; D, 20 min.
c
F i g u r e  7. Example of steady expansion of rings at shear rate 184 s _1. Total time 
of shearing: A, 5 min; B, 6  min; C, 7 min; D, 8 min.
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In contrast to this type o f sm ooth expansion rings were observed to break 
up, or decay, rapidly after having existed as stable entities for long periods. 
Figure 8  illustrates this effect. In the first frame (A) the labelled ring is quite 
clearly defined while in frame B after 60 seconds it is breaking up, a process 
which is complete in frame C after a further 60 seconds, the particles freed by 
the collapse o f the ring having migrated to join the edge zone.
This form of rapid decay, in contrast with the long periods o f stability as 
shown in Fig. 7 was only observed in the case o f well defined rings late in the 
overall clearance process; however, due to the greater complexity o f the system
c
F i g u r e  8. Example o f  break-up o f  a ring at shear rate 1 3 8 s-1 . Total time o f  
shearing: A, 12 min; B, 13 min; C, 14 min.
early in the shearing process it is possible that this form of decay occurred at 
all times but remained unobserved until the ring system became more clearly 
visible.
While the number and distribution o f rings after shearing for a given time 
at a particular rate were broadly similar in replicate tests, the exact positions 
of individual rings were not reproducible.
4.  I n t e r p r e t a t i o n  o f  R e s u l t s
Centrifugal effects
We shall first consider whether centrifugal effects could produce the ob­
served radial motion. A calculation o f the effect o f angular velocity is com ­
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plicated in the case o f a non-Newtonian fluid by the difficulty in assessing the 
effective viscous resistance to motion likely to be experienced by a particle 
moving radially through the cone-plate gap. However, assuming the most 
favourable conditions for radial motion, i.e. the highest cone speed and a low  
value for the fluid viscosity (10 poise) a time in excess o f  30 hours is found 
necessary to clear the cone area o f  particles. This result is in accord with the 
findings o f  the control experiments (e.g. Fig. 5) in which suspensions in a 
Newtonian fluid and in SCM C solution were sheared for periods up to 1 hour 
without appreciable redistribution o f the suspended particles.
Normal stress effects
The obvious distinction in rheological properties between PIB and SCMC  
solutions is that the former shows far more pronounced normal stress effects 
than the latter. The shear stress distribution is presumably similar in the two 
cases and does not produce migration in SCM C solution. It is well know n5 
that the only other independent stress quantities o f rheological significance
are two differences o f normal stress components such as (p 22 — P 33) and
(Pn  — ^ 22)- Assuming that these differences depend only on shear rate D, it 
follows for a narrow angle cone-plate system containing a homogeneous 
isotropic fluid that
dpi! =  &P22 =  dp_33 =  P11 +  P22 -  2p 33 =  m . ..
dr dr dr r r
where m is a function o f D.
Derivation o f these equations involves the assumptions that the streamlines 
are concentric circles and that the radial forces on a fluid element have zero 
resultant. The first o f these assumptions is not strictly true for viscoelastic 
fluids and secondary (radial) flow has been observed experimentally with large 
cone-plate angles but we are not aware o f any such observations with angles 
as small as l -^0. Theoretical treatm ents7,8 suggest that radial motion would be 
insignificant with this angle. For these reasons and because such currents 
would transfer some particles outwards but others inwards we consider radial 
circulation o f  the fluid unlikely to be an important factor in producing migra­
tion.
W e are left with the conclusion that radial motion is produced by a resultant 
force on the rigid spheres due to modification o f the normal stress distribution 
near the particles. We shall assume that whatever the detailed nature o f the 
local perturbation the resultant radial force will be proportional to the radial 
gradients o f the various normal stress components in the unperturbed liquid 
since these are equal to each other. With the further assumption that the
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radial velocity is proportional to the radial force for a given sphere and 
primary shear rate we can write.
dr _  1
d t ~ 2 K r
or T =  K(r22 -  rx2)
where T is the time for transit from radius rx to radius r2 and K  is a function of 
D  and sphere radius.
From  the experimental data two distinct estimates o f K  can be obtained. If 
w# measure the radius o f particular rings in successive photographs we obtain 
a series o f values o f rx and r2 separated by a known time interval. For example 
in Fig. 6 the radius o f ring 3 increases from 1-43 cm to 1-65 cm in 180 s so 
that K  =  260 s cm -2 . Table 1 shows the mean values o f K  obtained in this 
way from a large number o f photographs for various primary shear rates.
T a b l e  1 Measured values o f K  ( in  s c m  2), with standard deviations, and calculated
values
Shear rate 
T K s-1)
m x 10 3 
(dyn cm -2)
Ring motion Clearance Calculation
K
K  S.D. K  S.D.
46 16 940 310 1180 200 1700
92 24 830 110 860 120 1140
138 30 370 80 750 100 910
184 36 270 50 530 50 750
An alternative measure o f K  can be obtained by estimating the time taken 
for the space between cone and plate to clear o f particles, either subjectively 
by visual inspection o f successive photographs or from microdensitometer 
records. These techniques do not yield materially different results9 and in 
Table 1 values obtained by the former method are given. They differ signi­
ficantly from the values in the previous column, at least at the higher shear 
rates showing that the ring velocities are larger than the mean particle velo­
cities. It is possible that rings develop from a chance initial grouping of 
particles by expanding and sweeping up the slower individual particles.
Further analysis with any degree o f rigour o f the flow near particles and the 
resultant radial motion would be extremely complicated but the following 
order o f magnitude calculation is o f interest. Let us assume for the moment 
that p n  — p 22 and p 22 — />33 are zero at the surface o f the sphere but that the
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gradient o f  p 33 is unaffected by the presence o f the sphere. It is easily shown 
that the sphere would experience a radial force
i-TTO3
m8 PS3 _  4  3 _
dr ~  r
If Stokes’ law applies
,  dr Aira3m
and K  =
9tj7
Aa2m
Here m is the value o f p lx +  p 22 — 2p 33 in the unperturbed flow (equation 1) 
and has been estimated in Table 1 from the rheogoniometer measurements 
(Fig. 4) assuming p 22 — p 33 is small compared with p lx — p 22. rjTD is the 
‘transverse viscosity’ o f the PIB solution for a primary shear rate D, that is the 
effective viscosity when Stokes’ law is applied to a sphere moving perpendi­
cular to the streamlines in the constant velocity planes o f a primary shear rate 
D. This quantity has been estimated in a separate investigation10 as 300 poise. 
The final column o f Table 1 gives the calculated values o f  K. Comparing 
these values with the experimental results we see that they are o f the right 
order o f magnitude although rather too large so that the predicted radial 
velocities are too small even assuming p xl — p 22 and p 22 — p 33 to be zero. If 
these differences were unchanged by the presence o f the spheres the radial 
velocity would be zero; their influence is apparently considerably reduced, if 
not eliminated. This may be due to mutual interactions o f  spheres grouped 
near the same radius and further experiments are necessary to study the 
motion o f individual spheres.
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Abstract. Measurements have been made of the viscous resistance experienced by a 
solid sphere moving through a non-Newtonian liquid (poly-iso-butylene solution) 
which is simultaneously being sheared in a direction perpendicular to the line of 
motion of the particle. The resistive force can be calculated from Stokes’ law using 
an appropriate ‘transverse viscosity’ which decreases with increase of the primary 
shear rate. The decrease is considerably less than the corresponding decrease of 
viscosity measured conventionally. The transverse viscosity would be expected to 
control the rate of settlement of particles suspended in a fluid flowing through a pipe.
1. Introduction
It is generally accepted that the force required to m ove a sphere slowly through a N ew ­
tonian fluid can be calculated from Stokes’ law. M otion o f a sphere through a stationary 
non-Newtonian fluid has been studied by Slattery and Bird (1961) and Wasserman and 
Slattery (1964), who also survey earlier work. In the present paper we give experimental 
results for the m otion o f  a sphere falling under gravity through a non-Newtonian visco­
elastic fluid which is being sheared at a rate D  by a stress p n  (the ‘primary’ shear), the 
sphere falling parallel to surfaces o f constant velocity and perpendicular to the streamlines. 
The primary shear was produced in the annulus o f a concentric-cylinder viscometer. The 
investigation was undertaken to provide data needed for the interpretation o f experiments 
reported elsewhere (Highgate 1966) on the radial migration o f  suspended particles during 
shear in a cone-plate viscometer, but the results are o f more general interest. As will be 
seen, the relevant ‘viscosity’ for such m otion appears to differ from both the viscosity 
P 12/D  and incremental viscosity d p n jd D  o f  the fluid as calculated for the primary shear. 
Such results may be applicable directly to such situations as the settlement o f particles 
suspended in a polymer solution flowing through a pipe.
2. Apparatus and experimental procedure
The coaxial-cylinder measuring system used is shown in figure 1. The inner cylinder was 
o f  brass and was wholly supported by a torsion bar to which it was attached (as shown) by 
grub screws, which were used to align the cylinder axis with the instrument axis. The 
outer cylinder was a clear glass tube glued to an aluminium base plate carrying a small 
spigot, which was gripped by the driving chuck.
A  variable-voltage d.c. supply drove a motor which rotated the outer cylinder, the speed 
o f  rotation being measured by the use o f  a stroboscope.
The width o f the gap between the cylinders was 4-8 mm with a maximum uncertainty, due 
to lack o f axial alignment, etc., o f ± 2 % . The primary rate o f shear at the centre o f the 
annulus was calculated by assuming that a power-law relationship existed between the 
tangential shear stress and rate o f  shear, but the actual rate o f shear in the vicinity o f a 
falling sphere may have differed from this by up to 5 % owing to uncertainties in the radial 
position o f  the spheres.
The maximum primary rate o f shear used was 51 sec-1 since the wide annular gap neces­
sary to reduce wall effects on the particles meant that a high angular velocity o f  the outer 
cylinder was necessary to produce moderate rates o f shear in the fluid. Excessive cylinder
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Figure 1. Concentric-cylinder attachment.
speeds produced undesirable centrifugal effects and also resulted in the poly-iso-butylene 
solution climbing up the central cylinder, thus disrupting the fluid flow and trapping air 
bubbles in the annulus.
Measurements were made o f  the times taken for particles to pass between graduations 
marked at 1 cm intervals on the outside o f  the glass cylinder. The timings for each particle 
were made over two intervals arranged symmetrically above and below the centre o f  the 
inner cylinder to eliminate the effects o f  secondary fluid flow or other disturbances asso­
ciated with the ends o f the cylinders. Records were made only for those particles which fell 
centrally through the annular gap, the radial position o f  the particles being established 
optically. Light from a distant source falling at 45° to the vertical on the cylinders pro­
duced a shadow on the inner cylinder o f  a mark on the inside o f  the glass cylinder. A  
template was made showing the vertical separation o f  the mark and its shadow so that the 
vertical separation o f  a particle and its shadow could be used to determine its radial position. 
It was estimated that, for a 1 m m  particle, variations in its radial position o f  ± 0 -5  mm  
could be determined with the outer cylinder in m otion; its initial and final radial positions 
could be estimated to within ± 0 -2  mm with the apparatus stationary. Steel spheres o f  
diameters 2-00, 1-59, 1-00 and 0-79 mm and density 7-6 g cm -3 (Hoffman Bearing Co.) were 
used since they were readily observable and were easy to handle due to their magnetic 
properties. The fluid used was a 10% solution o f  poly-iso-butylene (nom inal molecular 
weight o f  105) in tetralin. Its density was 0-96 g cm -3.
The terminal velocity o f  the spheres was measured in the coaxial-cylinder apparatus both 
with the outer cylinder stationary and while rotating and also in a vessel 10 cm  in  diameter 
so that the magnitude o f  wall effects in the annulus could be determined for a stationary 
fluid.
3. Analysis of results
I f  we assume that for the small perturbations o f  the primary flow pattern produced by the 
falling sphere the ratio o f additional shear stress to additional strain rate is constant (so 
that Stokes’ law can be applied), we can write
67ravr)tD =  I?rcfigip — 8) (1)
where a, p and v are the radius, density and velocity o f  the sphere and 8 is the density o f  
liquid. If  this assumption is justified, values o f  rjtD, the transverse viscosity for a primary
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shear rate D,  should be independent o f a  and v. Unfortunately we cannot verify this 
directly since the rigid cylinders used to im pose the primary shear rate introduce a wall 
effect. We shall make the additional reasonable assumption that the fractional reduction  
in velocity o f  a sphere o f given radius due to the walls is independent o f D. For a stationary 
fluid the walls reduce the velocity by 40 % for the largest spheres and by 8 % for the smallest, 
so that errors in this assumption are unlikely to be serious for the smaller spheres. With 
these assumptions the ratio will be equal to Tjtn/^to and should be independent o f
the particle radius and be a function o f  D  alone, rjw' and ^to' are the viscosities calculated 
from equation (1) for particles falling in the annular gap with primary shear rates D  and 
zero respectively while rjtD and rjto are the corresponding quantities in the absence o f  wall 
effects.
A s expected from preliminary calculations, little centrifugal m otion was observed, but the 
particles tended to ‘cling’ to the cylinder walls i f  they were not central initially. The spread 
o f times o f  descent for replicate measurements on spheres falling centrally through the 
annulus was similar for all sphere diameters and primary rates o f  shear and was within
Values of rjto and rjto' showing the magnitude of the wall effects
Sphere diameter (mm) 0-79 1-00 1-59 2-00
i?to(p) 1700 1620 1660 1570
Vto'(p) 1840 2080 2900 2800
Sphere 
diameter Cmm) 
+ 0-79
0-5Q
10 5 00 20 3 0 4 0
D ( sec-0
Figure 2. Relative reduction in transverse viscosity with primary shear rate for the various spheres.
about ± 6 %  for the smaller spheres at the highest rate o f  shear. The table gives the 
calculated values o f yto and yto' for various sphere diameters. Figure 2 shows that although 
'ntD/yto' varies by a factor 5 with D,  the variation is similar for all sphere sizes with the 
exception o f  the largest spheres, for which wall effects are large and thus m ost likely to
1000
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>
200
10 20 30 40 500
D (sec-1)
Figure 3. Variation of viscous coefficients with primary rate of shear. Curve A, transverse 
viscosity; B, tangential viscosity p i2/F>; C, incremental viscosity dpxzjdD.
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depart from our assumption that wall effects should be independent o f  D. The ratio 
appears to approach a limiting value o f  about 0-2 at high values o f  D.
These results are consistent with the above assumptions and encourage us to compare 
7}td , as defined in equation (1), with the viscosity rj =  p n j D  and the incremental viscosity  
dpis/dD  measured in a conventional cone-plate viscometer. In figure 3 values o f  rjtD 
corrected for wall effects (obtained by multiplying the ordinates o f  figure 2 by values o f  
r]to obtained in a large vessel), dpv^dD  and p n / D  are shown as functions o f  D.  A lthough  
all three quantities decrease as D  increases, rjtD decreases far less than either o f  the other 
quantities. In particular, there appears to be a very large difference between the change o f  
stress associated with a small change o f  shear rate in the direction o f  an existing shear rate 
(measured by dpi^/dD)  and the stress associated with a small shear rate superimposed 
perpendicular to the primary shear (measured by ^tn).
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